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Abstract 
Understanding how the composition of wine grapes influences the formation of 
wine volatiles is important for predicting and manipulating wine quality. The objective 
of this research was to develop an understanding of how non-varietal wine aroma 
compounds are affected by compounds sourced from grapes. Chemically defined grape 
juice musts were supplemented with material of interest and the volatile profile of the 
fermented wines analysed with head-space solid phase micro-extraction (HS-SPME) 
gas chromatography-mass spectrometry (GC-MS). Supplementing model must with 
different grape tissues was carried out to determine where volatile-influencing 
compounds are located in the berries, and variations in amino acid and lipid profiles 
identified as probable influences on wine aromas made by yeast. In order to isolate and 
identify grape compounds that increase fatty acid ethyl ester (FAEE) concentrations in 
wine, fractions of grape extract were separated by liquid chromatography and used to 
supplement model musts, resulting in the identification of the poly-unsaturated 
triglyceride TG 54:6 as a major component of fractions that induced high FAEE 
production during fermentation. The effect of supplementing model must with glycero-
lipids on FAEE production was investigated and a positive impact of exogenous poly-
unsaturated glycero-lipids on yeast-mediated FAEE production confirmed. A lipidomic 
profiling study of grape tissues, and of berry and seed development, was carried out by 
positive-mode liquid chromatography quadrupole time-of-flight MS (LC-QTOFMS). 
This study indicated: that there are few differences in lipid profile between mature 
Riesling and Cabernet Sauvignon grapes; that seeds and berry tissues have distinctive 
lipid profiles; and that lipid profiles change during berry development in both seeds and 
berry tissues. The results of these studies highlight the need for research into 
establishing optimal grape lipid profiles to produce wines with targeted wine aroma 
profiles. 
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1 
Chapter 1 - General introduction 
1.1. Grapes and wine 
Wine is a biotechnological product with complex chemical composition, but the 
earliest evidence of wine production dates back to 6000 B.C. in Georgia (McGovern, 
2007). Today, the added value that wine provides makes the world grape crop worth 
more than USD 38.6 billion per year, more than any fruit crop except tomatoes (Food 
and Agriculture Organization of the United Nations, 2009). In Australia alone, the wine 
industry produces about $2-3 billion in exports. However, the position of the Australian 
wine industry is challenged by countries emerging as wine producers. In order for 
Australian wine to remain competitive, grape growers and wine makers need to focus on 
producing wine that will appeal to each target market. 
1.2. Flavour and aroma 
Wine flavour and aroma are the most important sensory factors in determining the 
quality of wine and consumer acceptance. Understanding the scientific basis of sensory 
outcomes can provide a rationale for wine production techniques and interventions in 
grape growing that improve wine quality and increase the value of wine to Australian 
producers and consumers. While the basic tastes (sweet, sour, salty, bitter, umami and 
kokumi) are important, flavour is the result of an interaction of taste and aroma. The 
variety of different flavours owes a greater part of its diversity to aroma - the sensing of 
chemicals by the olfactory organs in the nose.  
In order to be detected, aroma compounds first must interact with sensory organs in 
the nasal cavity. Compounds that are volatilised from the wine and are present in the 
head space of the wine glass reach the nasal epithelium orthonasally and those that are 
volatilised in the mouth reach the nasal epithelium retronasally. Next, a particular 
2 
volatile must be present in the nasal cavities at a concentration greater than the detection 
or impact threshold for that particular volatile chemical. This depends on a number of 
factors, including the temperature, humidity, alcohol content and the non-volatile matrix 
of the wine (Dufour and Bayonove, 1999a, Dufour and Bayonove, 1999b, Dufour and 
Sauvaitre, 2000, Jung et al., 1999, Aronson and Ebeler, 2004, Ferreira et al., 2003, 
Jones et al., 2008). Furthermore, there may be interactions with other volatile odorants 
(Escudero et al., 2007) and non-volatile (Polásková et al., 2008) wine components that 
alter, suppress or accent the aroma impact of a particular volatile. These interactions 
mean that compounds that are present at concentrations below their odour threshold 
values can still have an effect on the final aroma of a wine (Sáenz-Navajas et al., 2010). 
Finally, the consumer of the wine must have the capacity to detect the aroma, and this 
depends on genetic factors, with psychological and neurological factors modifying the 
aroma perception.  
While over a thousand aroma compounds have been found in wine, the large 
majority of these aroma compounds are only present in concentrations below their 
impact threshold concentrations. This indicates that only a few of these compounds are 
important for wine flavour and aroma. 
The origin of wine aroma compounds can be classified by the biological source of 
the compound or its precursors. The three main sources are the grapes, microbes, and 
wood (where wood barrels, chips or corks are used during vinification and storage). The 
origin of wine aroma can also be classified by the stage of production in which the 
compounds accumulate. Primary aroma compounds are those that are present in the 
grape prior to fermentation and persist through vinification to be present in the wine. 
Aroma compounds that are principally produced during fermentation by microbial and 
chemical transformation are called secondary. Tertiary aroma compounds are those 
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which primarily develop post fermentation through maturation or seep into the wine 
from wooden barrels.  
Several compound classes discovered to date are considered varietal impact 
odorants, in that they are responsible for the characteristic aroma of certain varieties of 
wine (Sáenz-Navajas et al., 2010, Reineccius and Heath, 2006). For example, rotundone 
is a sesquiterpene which is found in grapes and wine (Siebert et al., 2008). Rotundone is 
the impact aroma compound for some Shiraz and Syrah wines, giving them a 
characteristic black and white pepper aroma (Siebert et al., 2008). Further examples of 
these varietal aroma compounds are terpenoids, which give the floral aroma to Muscat 
varieties (Itu et al., 2011) and methoxypyrazines, which contribute to the herbaceous 
notes in Sauvignon Blanc (Dunlevy et al., 2009). 
There is very small proportion of aroma compounds which are present in grape that 
persist through fermentation and remain detectable in the wine. The terpenoids in 
Muscat cultivars and methoxypyrazines in Cabernet Sauvignon related cultivars are 
notable examples. The large majority of aroma compounds are secondary compounds in 
respect to both qualitative assessment of their contribution to wine aroma and in their 
quantitative prevalence in wine. However, this does not mean that grape derived 
compounds play no role in wine aroma as non-volatile aroma precursors can be 
modified by microbial and chemical agents during and after fermentation to produce 
aroma compounds. Most wine is made using brewer’s yeast, Saccharomyces cerevisiae 
(in this thesis, the term “yeast” refers to Saccharomyces cerevisiae). The concentrations 
of some grape metabolites might alter the metabolic balance in yeast during 
fermentation, and therefore influence the volatile profile of wines. Furthermore, it is 
possible that grape compounds could modify the gene expression or enzyme activity of 
yeast metabolic pathways relevant to wine aroma.  
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1.3. Biological functions of aroma compounds 
Aroma compounds are produced by almost every plant and are released by fruits, 
flowers, roots, stems and leaves. The function of these volatile compounds varies 
depending on the timing and location of their emission. Often, they are a means by 
which a plant can signal other tissues, plants or species in response to external stimuli 
the plant is unable to escape due to its sessile nature. Within a plant, volatile compounds 
can be signals that cause responses in different parts of the plant. For example, methyl 
jasmonate activates a systemic response to leaf wounding (Lulai and Suttle, 2009, León 
et al., 2001). Similar systemic responses can also be elicited in neighbouring plants in 
response to herbivore attack on a single plant, including production of volatiles to repel 
herbivores from eating the neighbouring plants (Lulai and Suttle, 2009, León et al., 
2001). 
Some volatiles are involved in synergistic relationships with members of other 
species. Pollinators are attracted by aroma compounds and can even visit particular 
locations when a scent associated with plants in those locations are detected (Reinhard 
et al., 2004). Predators of particular herbivores can be attracted by some volatiles, and 
this controls herbivore attack by either repelling herbivores or by their numbers being 
directly reduced by the predators (Takabayashi et al., 1994). Plant volatiles released in 
response to wounding can attract parasites and parasitoids to control herbivore numbers 
(Paré and Tumlinson, 1999). There is a possibility that plant volatiles could attract 
female insects from beneficial species to lay eggs on a plant, although in the case of 
grapevine, the detrimental grapevine moth females use volatile cues to locate grapevines 
for egg laying (Tasin et al., 2007). Methylotrophic bacteria, that can promote seedling 
growth, have been found to use volatile compounds exuded by plants as energy and 
carbon sources (Abanda-Nkpwatt et al., 2006b). It is possible that some plant volatiles 
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could be metabolised by micro-organisms into compounds that inhibit growth of 
competing micro-organisms (Abanda-Nkpwatt et al., 2006a). 
Additional functions are involved in antagonistic relationships with other species. 
Plant volatiles may inhibit germination of competing plant species. Antimicrobial 
protection of plant tissues by plant volatiles that inhibit growth, elicit changes in 
microbial ecosystems and plant volatiles that are directly toxic to microbes have been 
observed (Steeghs et al., 2004). Benzyl alcohol and 2-phenylethanol inhibit growth of 
bacteria and fungi (Abanda-Nkpwatt et al., 2006a) and benzoic acid inhibits yeasts and 
other fungi to a greater extent than bacteria, and it is a major metabolite of benzyl 
alcohol. Botrytis compete with bacteria but nonanal, 2-phenyl ethanol and R,S-linalool 
reduce the control over bacterial proliferation by Botrytis (Abanda-Nkpwatt et al., 
2006a). Herbivores can be repelled by volatiles released from plants (Steeghs et al., 
2004, Aharoni et al., 2003). Responding to caterpillars attacking plants, volatiles that 
repel female caterpillars are released, avoiding reproduction of future herbivore 
generations (De Moraes et al., 2001). 
However, the biological functions performed by these compounds are not always 
related only to their volatility. Terpenoids have been implicated in increasing the 
tolerance of leaves to high temperatures by stabilising thylakoid membranes (Sharkey et 
al., 2001). Furthermore, terpenoids also scavenge reactive oxygen species and prevent 
lipid membranes from being peroxidised (Loreto and Velikova, 2001). 
Volatile production by fermentation yeast could have similar functions to those in 
plants; they might be involved in inhibiting the growth of competing micro-organisms, 
stabilising lipid membranes by being included in the composition or by preventing lipid 
peroxidation and scavenging reactive oxygen species that could damage other parts of 
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the cell. The metabolism of compounds that provide energy or nutrients may result in 
volatile products, as may the transformation of compounds that are toxic to the yeast.  
One of the possible sources of precursors to wine volatiles are the grape lipids. For 
example, poly unsaturated fatty acids (PUFA) can undergo peroxidation in grapes, and 
this may be followed by cleavage and formation of jasmonates (Massey and Nicolaou, 
2011) or C6 and C9 alcohols, acids, aldehydes and esters (Podolyan, 2010). Yeast can 
perform further modifications of these lipid-derived aroma compounds, such as 
oxidation of alcohols to aldehydes, and esterification of acids to acetate esters (Dennis 
et al., 2012). There is also potential for grape lipids to be metabolized by microbes to 
produce microbe-derived aroma compounds. An example is gamma-lactones, which are 
synthesized in some microbes by β-oxidation of hydroxy-lipids, followed by cyclisation 
(Garbe et al., 2001, Garbe, 2008). Other grape lipids may affect yeast metabolism in 
ways that alter volatile profile, for example, grape sterols alter yeast-derived volatile 
profiles (Rollero et al., 2015). One example is lipids that correlate with changes in 
volatile thiols, possibly due to repression of volatile forming enzymes (Pinu et al., 
2014). 
1.4. Lipids 
1.4.1. Lipid categories, structure, and nomenclature 
Lipids are, broadly defined, organic compounds that are soluble in organic solvents 
and tend to be insoluble in water. This definition ends up encompassing quite a large 
range of different compounds classes. As Table 1 shows, examples of the various lipid 
categories and lipid classes vary in their core structures, with no single structure being 
common to all lipid categories. Table 1 features structures from the LIPID MAPS 
Structure Database (LMSD) (Fahy et al., 2009). 
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Lipids have been extensively categorised and classified in the literature, notably 
using the LIPID MAPS system and nomenclature (Fahy et al., 2005, Fahy et al., 2009). 
Under this system there are eight major categories: Fatty acyls (abbreviated as [FA]), 
Glycerolipids ([GL]), Glycerophospholipids ([GP]), Sphingolipids ([SP]), Sterol Lipids 
([ST]), Prenol Lipids ([PR]), Saccharolipids ([SL]), and Polyketides ([PK]) (Fahy et al., 
2005). While generally under the same scheme, further abbreviations and nomenclature 
of lipids may be used when reporting different levels of details extracted from ms/ms 
and MS data relating to lipids (Liebisch et al., 2013, Liebisch et al., 2017).  
The structure and major classes under some categories of the LIPID MAPS 
nomenclature will be summarised in the next few sections.  
1.4.2. The fatty acyl category 
The FA category includes Fatty acids and fatty acids with functional groups in the 
fatty acyl chains, Octadecanoids, Eicosanoids, Docasanoids, Fatty alcohols, Fatty 
aldehydes, Fatty esters, Fatty amides, Fatty nitriles, Fatty ethers, Hydrocarbons, 
Oxygenated hydrocarbons, Fatty acyl glycosides, and Other Fatty Acyls (Fahy et al., 
2005, Fahy et al., 2009). Several classes under the FA category may contain further sub-
classes having the corresponding fatty moiety conjugated to other groups, such as Fatty 
esters conjugated with Coenzyme A (acyl-CoA). A shorthand notation for fatty acyls is 
to give the abbreviation for the class of fatty acyl, then the number of carbon atoms in 
the fatty acyl moiety, followed by a colon and then the number of double bonds in the 
fatty acyl moiety (Liebisch et al., 2013). For instance, FA 18:2 is in the notation format 
FA ACN:DBN, where FA indicates that it is a fatty acid, ACN gives the number of 
acyl/alkyl carbons, and DBN gives the number of double bonds.  Some further FA lipid 
classes are, fatty N-acyl amides, acyl carnitine esters (CAR), acyl coenzyme A 
thioesters (acyl-S-CoA), acyl thioesters bound to acyl carrier proteins (acyl-S-ACP) and 
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waxy esters (a broad class of alkyl-acyl esters, which can be cross-linked by esters and 
ether linkages along acyl or alkyl chains) (Fahy et al., 2009, Fahy et al., 2005). 
1.4.3. Nomenclature for double bond position and geometry in fatty acids 
There are two main ways to indicate the position and geometry of double bonds 
within an acyl or alkyl chain. The standardised way is to indicate the number of carbons 
from the acyl/ether carbon and the closest double bonded carbon inclusive, followed by 
an indication of the geometry with E or Z. Within fatty acyl carbons the most common 
arrangement of double bonds is non-conjugated Z-configured double bonds separated 
by a single methylene group. Therefore, a shorthand notation assuming this common 
arrangement has been made that indicates the number (m) of carbons from the last 
carbon in the chain (omega-1) to the closest double bonded carbon, inclusive, in the 
format “(n-m)” or “(ω−m)” (Ratnayake and Galli, 2009). 
1.4.4. Glycerolipids 
Glycerolipids ([GL]) feature a glycerol core that is linked to a total of one to three 
fatty acids, fatty alcohols, or both, by ester or ether bonds. The total number of acyl or 
alkyl chains attached to the glyceride, 1, 2, or 3, determines whether a GL is a 
monoradylglyceride (MG), diradylglyceride (DG), or triradylglyceride (TG). The total 
number of alkyl/acyl carbons in the chains and the total number of double bonds in 
those chains can be indicated by similar notation to that of fatty acids in the above 
paragraph (Liebisch et al., 2013). For example, DG 32:4 indicates a total of 32 acyl 
carbons and four double bonds amongst the two acyl chains attached to the glycerol 
moiety. Acyl chains are assumed in this notation; however, an exception is when the 
presence of alkyl chains is indicated by prefixing the carbon number with O-, dO-, or 
tO- for one, two, three ether linked alkyls, respectively. A similar exception occurs 
when, P- is used as a prefix to indicate O-alk-1-enyl chains are present. When location 
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of a particular acyl or alkyl chain is known, this is indicated by following the class 
abbreviation with the short hand for acyl chains at the 1, 2, and 3 positions on glycerol, 
separated by a slash e.g. DG (18:0/0:0/16:0) (Fahy et al., 2009, Fahy et al., 2005). When 
reporting lipid structures from MS data, the parenthesis is sometime omitted (Liebisch 
et al., 2017, Liebisch et al., 2013). However, more commonly, the location of the chains 
on the glyceride is not known without derivatisation experiments, so the acyl chains are 
separated by an underscore or a hyphen e.g. DG 18:0_16:0_0:0 or DG 18:0-16:0-0:0 
(Liebisch et al., 2017, Liebisch et al., 2013). In addition to the MG, DG, and TG classes 
within the GL category, there are glycosylglycerolipids, which are diradylglycerides and 
monoradylglycerides that have a glycosyl moiety linked to the glycerol by a glycosidic 
bond (Liebisch et al., 2017, Liebisch et al., 2013, Fahy et al., 2009, Fahy et al., 2005). 
The abbreviations for these glycosylglycerolipids first indicate the number of sugar 
groups in the chain of sugars attached to the glycerol, e.g. MGDG, DGDG, TriGDG, 
TetraGDG indicates 1, 2, 3, or 4 sugar chains attached to a glycerol. Next the 
abbreviation indicates whether the glyceride has one or two alkyl/acyl chains attached, 
for example using MGMG or MGDG, respectively. A further glycosyldiradylglyceride 
subclass is a diglyceride attached to sulfoquinovose, known as a 
sulfoquinovosyldiglyceride (SQDG) (Fahy et al., 2009). Other classes within the GL 
category are the betaine lipids, which are abbreviated with DGTA, DGTS, or DGCC, 
depending on the polar amino acid derivative attached to the glyceride. While betaine 
lipids have been found in algae, fungi, and some plants, no betaine lipids have been 
found in flowering plants (Dembitsky, 1996, Sato, 1992, Künzler and Eichenberger, 
1997, Rozentsvet, 2004, Rozentsvet et al., 2005). 
1.4.5. Phosphoglycerolipids 
The GP category features several phosphate derivative head groups attached to a 
glycerol core. Phosphoglycerolipids (sometimes shortened to phospholipds, or GP, but 
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this can sometimes include those sphingolipids which contain phosphorous) contain one 
or two acyl chains bound to glycerol, with the third hydroxyl group being bonded to a 
phosphate group. If the phospholipid has only one acyl chain, the prefix “lyso-” is added 
to the name, while “L” may prefix the shorter form of the name, if the structure is not 
otherwise indicated (such as by referring to an absent acyl chain as “0:0”) (Fahy et al., 
2009, Fahy et al., 2005). The phosphate group can have further functional groups 
attached to it, and these derivatives make up further classes. Without additional 
attachments to the phosphate group, the phospholipid would be a phosphatidic acid 
(PA) (Fahy et al., 2009, Fahy et al., 2005). With a choline group attached to the 
phosphate group, the phospholipid would be a glycerophosphocholine, or 
phosphatidylcholine (PC) (Fahy et al., 2009, Fahy et al., 2005). With an ethanolamine 
group attached to the phosphate group, the phospholipid is a 
glycerophosphoethanolamine, or phosphatidylethanolamine (PE) (Fahy et al., 2009, 
Fahy et al., 2005). With an additional glycerol attached to the phosphate group, it would 
be a glycerophosphoglycerol, or phosphatidylglycerol (PG)(Fahy et al., 2009, Fahy et 
al., 2005). If the second glycerol in a PG is mutually shared with another PG moiety, 
then the resulting, lipid can have up to four-acyl chains, and this phospholipid is known 
as a glycerophosphoglycerophosphoglycerol, also known as cardiolipin (CL) (Fahy et 
al., 2009, Fahy et al., 2005). With the sugar inositol attached to the phosphate group, the 
lipid is a glycerophosphoinositol, also known as a phosphatidylinositol (PI) (Fahy et al., 
2009, Fahy et al., 2005). If a serine is attached to the phosphate then the phospholipid is 
a glycerophosphoserine, also known as a phosphatidylserine (PS) (Fahy et al., 2009, 
Fahy et al., 2005). There are other derivatives of these basic structures, with the 
hydroxyls of the PI or PG having additional phosphate groups attached to form a series 
of compound classes; PIP, PIP2, PIP3, or PGP, etc (Fahy et al., 2009, Fahy et al., 2005). 
The phosphate group can also be attached to a second phosphate group, which in turn 
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can be attached to a sugar attached to the nucleotide cytosine, to give a lipid known as 
CDP-glycerol, or cytidine diphosphate glyceride (Fahy et al., 2009, Fahy et al., 2005). 
The number of alkyl/acyl carbons and double bonds can be indicated in a similar 
notation as with the GL, either as a total sum, or if the number of carbons and double 
bonds of the chains is known this can also be indicated. 
1.4.6. Sphingolipids 
Sphingolipids are also divisible into several classes (Fahy et al., 2009, Fahy et al., 
2005). Sphingolipids are based on a long chain base. For an example of some 
sphingolipid structures see Table 1. The sphingoid base (long chain base, or LCB) can 
vary in the number of hydroxy groups, the chain length and in the number of double 
bonds in the alkyl moiety. Like the acyl chain nomenclature, the identity of the 
sphingoid base in sphingolipids can be written shorthand as the total number of carbons 
in the sphingoid base backbone, followed, after a colon, by the number of double bonds 
in the backbone (Fahy et al., 2009, Liebisch et al., 2013). This is preceded by an 
indication of the number of hydroxyl groups in the sphingoid base, with “d” indicating 
two and “t” indicating a spingoid base with three hydroxyls, for example “t18:2” would 
be an LCB with three hydroxyls, 18 carbons and 2 double bonds. When an acyl chain is 
attached to the amine of the sphingoid base, the resulting amide is called a ceramide 
(Cer), and the shorthand name would indicate the sphingoid base and acyl chain 
separated by a slash(Fahy et al., 2009, Liebisch et al., 2013). When a ceramide has a 
phosphocholine group attached to the primary alcohol in the sphingoid base backbone, 
the resulting phosphosphingolipid is a sphingomyelin (SM) (Liebisch et al., 2017, 
Liebisch et al., 2013, Fahy et al., 2009, Fahy et al., 2005). A ceramide could instead 
have a phosphoethanolamine group attached on the primary alcohol, in which case the 
phosphosphingolipid would be a ceramide phosphoethanolamine (PE-Cer) (Liebisch et 
al., 2017, Liebisch et al., 2013, Fahy et al., 2009, Fahy et al., 2005). Phosphoinositol 
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could be attached to the primary alcohol, with the lipid being an 
inositolphosphorylceramide (IPC or PI-Cer) (Liebisch et al., 2017, Liebisch et al., 2013, 
Fahy et al., 2009, Fahy et al., 2005). Multiple sugar units and additional phosphoinositol 
units can be attached to IPC and the resulting glycosphingolipids can be one of several 
further lipid classes, depending on the identity and number of these units. Ceramide can 
also have a sugar unit attached to the primary alcohol, resulting in a glycosphingolipid, 
also known as a cerebroside, which would be a GalCer, a GlcCer or a LacCer, 
depending on whether the sugar was a galactose, glucose or lactose (Liebisch et al., 
2017, Liebisch et al., 2013, Fahy et al., 2009, Fahy et al., 2005). 
1.4.7. Further major categories of lipid 
The other lipid categories are Sterols, Prenol Lipids, Saccharolipids, and Polyketide 
Lipids. Example structures of members of these categories are depicted in Table 1, with 
structures from LIPID MAPS Structure Database (LMSD) (Fahy et al., 2009, Sud et al., 
2007).  
Table 1: Examples of members of lipid categories and lipid classes under the LIPID MAPS 
nomenclature. Structures are from content downloaded from LIPID MAPS ©2003-2020 LIPID 
MAPS® Lipidomics Gateway. 
Category Class Example structure and names 
FA FA 
 
FA 16:0, C16:0 
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FA FA-CoA 
 
CoA(18:2(6Z,9Z)) 
FA FA 
 
O-octadecanoyl-R-carnitine 
GL MG 
 
MG (16:0/0:0/0:0), MG 16:0 
 
MG(O-16:0/0:0/0:0), MG O-16:0 
GL DG 
 
DG (18:0/16:0), DG 34:0 
GL TG 
 
TG (16:0/16:0/18:0), TG 50:0 
GL MGDG 
 
MGDG (20:5(5Z,8Z,11Z,14Z,17Z)/18:3(9Z,12Z,15Z)), MGDG 
38:8, Monogalactosyldiacylglycerol 
(20:5(5Z,8Z,11Z,14Z,17Z)/18:3(9Z,12Z,15Z)) 
GL DGDG 
 
DGDG (18:4(6Z,9Z,12Z,15Z)/18:4(6Z,9Z,12Z,15Z)), DGDG 36:8 
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GL SQDG 
 
SQDG (16:0/16:0), SQDG 32:0 
GL DGCC 
 
DGCC(16:0/16:0), DGCC 32:0 
GL DGTA 
 
DGTA(18:1/22:4(10Z,13Z,16Z,19Z)), DGTA 40:5 
GL DGTS 
 
DGTS(16:0/16:0), DGTS 32:0 
GP PC 
 
PC (16:0/16:0), PC 32:0 
 
LPC (16:0/0:0), LPC 16:0 
GP PA 
 
PA (16:0/16:0), PA 32:0 
 
GP PE 
 
PE (16:0/16:0), PE 32:0 
GP PS 
 
PS (16:0/16:0), PS 32:0 
 
LPS (P-16:0), LPS P-16:0 
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GP PG 
 
PG (16:0/18:1(9Z)), PG 34:1 
GP PGP 
 
PGP(16:0/18:1(9Z)), PGP 34:1 
GP PI 
 
PI (16:0/16:0), PI 32:0 
GP PIP 
 
PIP[‘3] (16:0/18:1(9Z)), PIP[‘3] 34:1 
GP PIP2 
 
PIP2[4',5'](8:0/8:0), PIP2 16:0 
GP CL 
 
CL(1'-[16:0/16:0],3'-[18:0/16:0]) 
GP CDP-DG 
 
CDP-DG(16:0/16:0), CDP-DG 32:0 
SP SPH 
 
Sphingosine, Sphing-4-enine 
SP SPH 
 
Sphinganine 
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SP S1P 
 
Sphinganine-1-phosphate 
SP Cer 
 
Cer (d18:1/14:0) 
SP Cer 
 
Cer (16:0;d18:1;16:0) 
SP SM 
 
SM (d18:1/18:0) 
SP PI-Cer 
 
PI-Cer (d18:0/16:0) 
ST ST 
 
Sitosterol 
ST SE 
 
16:0 Cholesterol ester, CE(16:0) 
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PR Isoprenoid 
 
(S)-(-)-Citronellal 
PR Ubiquinone 
 
Ubiquinone-10, Coenzyme Q10 
PR Polyprenol 
 
SL Acylamino 
sugars 
 
Lipid X,  2,3-bis-(3R-hydroxy-tetradecanoyl)-αD-glucosamine-1-
phosphate 
PK Linear 
Polyketides 
 
Trichostatin 
18 
PK Flavonoid 
 
Cyanidin 
1.4.8. Supramolecular structure of lipids 
The various lipid classes form different morphologies when interacting with 
aqueous solutions and other lipids. The lyso-phospholipids form micelles with the 
hydrophobic acyl chains in the core and the hydrophilic head groups forming a shell. 
This is similar to how surfactants, like Tween 80, behave. Lipids such as PA, PC, PG, 
PI, PS, DGDG, CL and SM form a lipid bilayer, with the hydrophobic acyl chains 
sandwiched between two more or less parallel planes of hydrophilic head groups. The 
SM and PC lipids in this second group tend to be more similar to the first group in that 
the headgroup tends to take up a greater area than the acyl chains, so that the layer 
curves away from the headgroup (Koldso et al., 2014). In contrast, a third group of 
lipids have relatively small head groups that interact with neighbouring headgroups so 
that the layer curves towards the headgroup (Koldso et al., 2014). These lipids would 
form reverse micelles, with a hydrophilic core and hydrophobic shell, but play a role in 
shaping the membranes to certain structures. For example, the inner membrane of a 
bilayer would contain a higher proportion of PE than the outer membrane, as the general 
curve of the inner membrane is concave on the hydrophilic side, while that of the outer 
membrane is convex on the hydrophilic side (Koldso et al., 2014). The MGDG and PE 
are examples of lipids with this morphology, although at low pH, PA and PS also 
19 
display this morphology. The presence of cations can also modify PA and CL to take 
this morphology. 
 
Figure 1: Diagram of Fatty Acyl Synthesis in the plastids of flowering plant species. Adapted from 
(Li-Beisson et al., 2010). Abbreviations: ACBP, acyl-CoA binding protein; ACP, acyl carrier 
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protein; CoA, co-enzyme A; ENR, enoyl reductase; HAD, hydroxyacyl dehydratase; KAR, ketoacyl 
reductase; KAS, ketoacyl synthase; SAD, stearoyl acyl desaturase. 
1.4.9. Acyl chain biosynthesis in flowering plants 
While there are few studies that review the synthesis of lipid in Vitis vinifera 
specifically, a sketch of lipid synthesis can be glimpsed from reviews of lipid synthesis 
in other flowering plant species such as the model organism, Arabidopsis thaliana. 
In Arabidopsis it is found that de novo fatty acyl synthesis occurs almost exclusively 
in the plastid (Somerville and Browse, 1991, Li-Beisson et al., 2010). The fatty acyl 
synthesis in flowering plants involves separate enzymes performing the steps (Type I) 
rather than a Type II multienzyme complex. The system of enzymes in plants features 
three different 3-ketoacyl-ACP synthases (KAS I, KAS II, and KAS III) (Somerville 
and Browse, 1991), and two different enoyl-ACP reductases. The different isoforms of 
these enzymes have different preferences for stages of the elongation sequence from 
acetate to the 16:0 and 18:0 acyl chains (Somerville and Browse, 1991). 
The fatty acyl synthesis in plants is initiated by the carboxylation of acetyl-CoA 
(which has a two carbon acyl chain) by acetyl-CoA carboxylase to form malonyl-CoA, 
which has a three carbon acyl chain (Somerville and Browse, 1991, Li-Beisson et al., 
2010), then the transfer of the malonyl moiety from malonyl-CoA to malonyl-ACP. The 
first extension cycle involves condensation of acetyl-CoA with malonyl-ACP by KAS 
III (3-ketoacyl-ACP synthase III) to form carbon dioxide and a 3-ketoacyl-ACP, 
reduction of 3-ketoacyl-ACP to 3-hydroxyacyl-ACP by KAR (3-ketoacyl-ACP 
reductase), dehydration of 3-hydroxyacyl-ACP to enoyl-ACP by HAD (3-hydroxyacyl-
ACP dehydrase), then reduction of  enoyl-ACP to butanoyl-ACP by ENR (enoyl 
reductase). Further cycles of chain extension from 4:0-ACP to 16:0-ACP then each 
extend the acyl-ACP by two carbon units each time, starting with condensation of 
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additional malonyl-ACP and the relevant acyl-ACP by KAS I to form 3-ketoacyl-ACP 
and carbon dioxide, and sequential steps by KAR, HAD, and ENR, as discussed before 
(Somerville and Browse, 1991, Li-Beisson et al., 2010). An additional cycle of chain 
extension from 16:0-ACP to 18:0-ACP may then occur in a similar manner, catalysed 
by KAS II, KAR, HAD, and ENR (Somerville and Browse, 1991, Li-Beisson et al., 
2010). 
In Arabidopsis the fatty acyl synthesis primarily produces 16:0-ACP and 18:0-ACP 
at first (Somerville and Browse, 1991). A small amount of 8:0-ACP is produced in the 
plastid due to early termination of the FAS II extension. This pool of 8:0-ACP, and a 
corresponding pool of 8:0-ACP produced by a different FAS II cycle in the plant 
mitochondria, are the main precursors for production of the organosulfur co-factor, 
lipoic acid (Li-Beisson et al., 2010). While some 18:0-ACP is produced in the plastids, 
this pool is almost entirely desaturated to 18:1-ACP (Somerville and Browse, 1991, Li-
Beisson et al., 2010). 
 
Figure 2: Diagram of de novo Fatty Acid Synthesis in the cytosol of Saccharomyces cerevisiae yeast. 
Adapted from (Leibundgut et al., 2008). Abbreviations: ACC, acetyl CoA carboxylase; ACP, acyl 
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carrier protein; AT, acetyl transferase; CoA, coenzyme A; DH, dehydratase; ER, enoyl reductase; 
KR ketoacyl reductase; KS ketoacyl synthase; MPT malonyl-palmitoyl transferase. 
1.4.10. Acyl chain sources in Saccharomyces cerevisiae 
Saccharomyces cerevisiae sources acyl chains from three main sources; de novo 
synthesis, utilization of exogenous sources of fatty acids, and by recycling of acyl 
chains from complex lipids and lipidated proteins (Klug and Daum, 2014). In contrast to 
flowering plants, Saccharomyces produces most of its de novo acyl chains in the cytosol 
(Klug and Daum, 2014). In similarity to plants, Saccharomyces also has a mitochondrial 
FAS pathway that mainly produces C8 precursors for lipoic acid synthesis (Klug and 
Daum, 2014).  The cytosolic FAS in yeast is different from FAS in plants as it is carried 
out by a hexameric FAS complex, with each unit having two types of subunit that each 
have multifunctional enzyme activities. The first type of subunit has acetyl transferase, 
enoyl reductase, dehydratase, and malonyl-palmitoyl transferase activities, and the 
second type of subunit has acyl-carrier protein, 3-ketoreductase, 3-ketosynthase, and 
phosphopantheteine transferase activities (Klug and Daum, 2014). Acyl chains can be 
extended from C16 up to C26 by elongases in the Endoplasmic Reticulum. Desaturation 
and hydroxylation of acyl chains can also occur in the ER (Klug and Daum, 2014). The 
main fatty acyls found in Saccharomyces cerevisiae are 18:1 (50 mol%) and 16:1 (30 
mol%), followed by 16:0 (9 mol%) and minor amounts of 18:0, 14:0 and 26:0 making 
up most of the remainder (Klug and Daum, 2014).  
Saccharomyces cerevisiae can additionally take up fatty acids and lipids from the 
environment due to diffusion through the membrane or due to active transporter 
proteins. Free fatty acids are activated into acyl-CoA by acyl-CoA synthases in the ER, 
lipid droplets, plasma membrane and peroxisomes (Black and DiRusso, 2007). Once 
activated, fatty acyls are quickly used in synthesis of complex lipids, are stored in lipid 
droplets as TG, or are degraded in peroxisomes by beta-oxidation (Klug and Daum, 
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2014). Exogenous sterols are also absorbed by yeast and are quickly stored as steryl 
esters in lipid droplets. 
1.4.11. Complex lipid assembly in flowering plants 
The 16:0-ACP and 18:1-ACP resulting from production by the plastids are 
transported as acyl-CoA and either used within the plastid to produce PA via an LPA 
precursor, or they are exported from the plastid as 16:0-CoA, 18:0-CoA, and 18:1-CoA 
thioesters (Somerville and Browse, 1991, Li-Beisson et al., 2010).  
Within the plastid, the head group of PA is then either removed to produce DG, or 
modified to produce PG via the CDP-DG and PGP precursors (Somerville and Browse, 
1991, Li-Beisson et al., 2010). The DG produced from PA in the plastid is then 
glycosylated make MGDG or SQDG (Somerville and Browse, 1991). The MGDG can 
be further glycosylated to produce DGDG (Somerville and Browse, 1991). The PG, 
MGDG, DGDG, and SQDG produced in the plastid can be further acted on by 
desaturases to produce complex lipids with 16:1, 16:2, 16:3, 18:2, or 18:3 acyl chains 
(Somerville and Browse, 1991, Li-Beisson et al., 2010). 
The 16:0-CoA and 18:1-CoA that were exported from the plastid contribute to a 
pool of acyl-CoA that are primarily found in the cytoplasm and the endoplasmic 
reticulum (Somerville and Browse, 1991, Li-Beisson et al., 2010). In addition to the 
16:0-CoA and 18:1-CoA, there is a small pool of 18:0-CoA exported from the plastid 
and also a pool of very long fatty acids, 20:1-CoA and 22:1-CoA, that are produced by 
elongation of the 18:1-CoA in the cytoplasm(Somerville and Browse, 1991).  
Some of the acyl-CoA may be combined with phosphatidic glycerol to form PA 
(Somerville and Browse, 1991). The extra-plastid PA is primarily routed to form DG by 
removal of the phosphatidic acid group, but is also modified to produce CDP-DAG 
(Somerville and Browse, 1991). The CDP-DAG is subsequently transformed into PG 
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and PI, while the DG is transformed mainly into PC but also some PE (Somerville and 
Browse, 1991). The acyl chains in the PC produced outside the plastids is then largely 
modified by desaturase enzymes (Somerville and Browse, 1991).  
A portion of the desaturated PC produced outside the plastid is then returned to the 
plastid and the head group removed to produce a second pool of DG in the plastids. This 
pool of DG is then glycosylated to form either MGDG or SQDG, or DGDG via MGDG 
(Somerville and Browse, 1991). The acyl chains of the glycosylglycerolipids produced 
in this way can be further desaturated within the plastids (Somerville and Browse, 
1991).   
The endoplasmic reticulum is the main site of synthesis of the major phospholipid 
classes, PG, PI, PS, PE and PC (Li-Beisson et al., 2010). However, PS from the ER can 
be transformed into an additional pool of PE, either in the ER itself, or in the 
mitochondria (Li-Beisson et al., 2010). PG and CDP-DG are synthesised in the ER and 
in the mitochondria, however, it is in the mitochondria that PG and CDP-DG are 
combined together to produce the tetra-acyl cardiolipin species (Li-Beisson et al., 2010). 
The pool of acyl-CoA in the ER can be incorporated into PA then DG and then PC, 
which can be enriched in desaturated acyl chains such as 18:2 and 18:3 by desaturase 
enzymes (Somerville and Browse, 1991). The pool of desaturated acyl chains in the PC 
can be exchanged with the acyl-CoA pool, or the PC can be transformed into DG 
(Somerville and Browse, 1991). Additionally, some of the PA produced from the acyl-
CoA is also used to produce DG (Somerville and Browse, 1991). The pool of DG is 
then used in combination with a chain of acyl-CoA to form TG in part of the Kennedy 
pathways (Somerville and Browse, 1991). The TG are primarily stored within 
compartments known as oil bodies or lipid droplets, which bud off from the 
endoplasmic reticulum membrane when TG is deposited between the leaflets of the ER 
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membrane (Somerville and Browse, 1991). The lipid droplets are lined with a single 
layer of PC and PE (Somerville and Browse, 1991). 
 
Figure 3: Diagram depicting neutral glycerolipid and phosphoglycerolipid assembly in the 
Endoplasmic reticulum of Arabidopsis thaliana. The diagram is adapted from (Li-Beisson et al., 
2010). Abbreviations: BE-PSS, base-exchange-type phosphatidylserine synthase; CDP, cytidine 
diphosphate; CDP-DAGS, CDP-diacylglyceride synthase; CDP-DG, CDP-diacylglyceride; CoA, 
coenzyme-A; DAG-CPT, diacylglyceride cholinephosphotransferase; DAG-EPT, diacylglyceride 
ethanolaminephosphotransferase; DAGTA, diacylglycerol transacylase; DG, diacylglyceride; 
DGAT, acyl-CoA:diacylglycerol acyltransferase; FAD2, fatty acyl (oleate) desaturase; FAD3, fatty 
acyl (linoleate) desaturase; FFA, free fatty acid; G3P, glycerol-3-phosphate; GPAT, glycerol-3-
phosphate acyltransferase; LPA, lyso-phosphatidic acid; LPAAT, lysophosphatidic acid 
acyltransferase; LPC, lyso-phosphatidylcholine; LPCAT, lysophosphatidylcholine acyltransferase; 
MAGAT, monoacylglycerol acyltransferase; MG, monoacylglyceride; PA, phosphatidic acid; PC, 
phosphatidylcholine; PG, phosphatidylglycerol; PGP, phosphatidylglycerol-phosphate; PGPP, 
phosphatidylglycerol-phosphate phosphatase; PI, phosphatidylinositol; PLA2, phospholipase A2; 
26 
PP, phosphatidate phosphatase; PS, phosphatidylserine; PSD, phosphatidylserine decarboxylase; 
TG, triacylglyceride; PIS, phosphatidylinositol synthase. 
In higher plants the biosynthesis of sphingolipids begins in the Endoplasmic 
reticulum where 16:0-CoA and serine from the cytoplasm are condensed to form 3-
ketosphinganine, followed by reduction to produce the long chain base sphinganine 
(d18:0) (Li-Beisson et al., 2010). The sphinganine can then undergo hydroxylation to 
form phytosphinganine (t18:0), be combined with an acyl-coA in dihydroceramide 
synthesis, or desaturation to form sphingosine (d18:1). The free amine of both 
sphingosine (d18:1) and phytosphinganine (t18:0) can be combined with the acyl chain 
from acyl-CoA to form ceramide or phyto(dihydro)ceramide, respectively. After 
synthesis of these ceramides, the long chain bases can be further desaturated, for 
example from t18:0-24:0 to t18:1-24:0, or from d18:1-16:0 to d18:2-16:0. The 
desaturated long chain base ceramides can then also have their N-linked fatty acyl 
chains hydroxylated by fatty acid 2-hydroxylase to produce, for example from t18:1-
24:0 to t18:1-h24:0 or from d18:2-16:0 to d18:2 (Li-Beisson et al., 2010). Furthermore, 
hydroxy ceramides in the endoplasmic reticulum can be glycosylated to produce 
glycosylceramides (Li-Beisson et al., 2010). Glycosylceramides can be transferred to 
the plasma membrane, where they may be lysed to release the long chain base t18:1. 
This t18:1 base is subsequently returned to the ER where it can be phosphorylated, and 
the phosphorous later derivatised with ethanolamine (Li-Beisson et al., 2010). Other 
hydroxyceramides from the endoplasmic reticulum are transferred to the Golgi body 
where they are phosphorylated, and may be further derivatised with inositol on the 
phosphorous group (Li-Beisson et al., 2010). The inositolphosphorylceramides can then 
be glycosylated, followed by transfer to the plasma membrane, where they may be lysed 
to produce ceramide 1-phosphates (Li-Beisson et al., 2010). 
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Figure 4: Diagram depicting neutral glycerolipid and phosphoglycerolipid assembly in the 
Endoplasmic reticulum of Saccharomyces cerevisiae. The diagram is adapted from (Klug and 
Daum, 2014). Abbreviations: APP1, phosphatidate phosphatase; ARE1/2, steryl ester synthase 
(1/2); AYR1, 1-acyl-DHAP acyltransferase and lipase; CDP, cytidine diphosphate; CDP-DG, CDP-
diacylglyceride; CHO1, phosphatidylserine synthase; CHO2, phosphatidylethanolamine methylase; 
CoA, coenzyme-A; CPT1, diacylglyceride choline phosphotransferase 1; CDS1, CDP-DG synthase; 
DAGTA, diacylglycerol transacylase; DG, diacylglyceride; DGA1, acyltransferase and triglyceride 
synthase; DGAT, acyl-CoA:diacylglycerol acyltransferase; DGK1, diacylglyceride kinase; DHAP, 
dihydroxyacetone phosphate; DPP1, phosphatidate phosphatase; EPT1, diacylglyceride 
ethanolamine phosphotransferase 1; FAA1-4, fatty acyl-CoA synthase (1-4); FAT1, fatty acyl 
transferase; FFA, free fatty acid; G3P, glycerol-3-phosphate; GEP4, phopsphatidylglycerol-
phosphate phosphatase; GPT2, glycerol-3-phosphate acyltransferase (GAT1);  LOA1, LPA 
acyltransferase; LPA, lyso-phosphatidic acid; LPC, lyso-phosphatidylcholine; LPP1, phosphatidate 
phosphatase; LRO1, acyltransferase and triglyceride synthase; MG, monoacylglyceride; OPI3, 
phosphatidylmethylethanolamine methylase; PA, phosphatidic acid; PAH1, phosphatidate 
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phosphatase; PC, phosphatidylcholine; PG, phosphatidylglycerol; PGP, phosphatidylglycerol-
phosphate; PGS1, phosphatidylglycerol-phosphate synthase; PIS1, phosphatidylinositol synthase 1; 
PS, phosphatidylserine; PSD1/2, phosphatidylserine decarboxylase (1/2); SCT1, glycerol-3-
phosphate acyltransferase (GAT2); SLCT1, LPA acyltransferase; TAM41, mitochondrial CDP-
diacylglycerol synthase; TG, triacylglyceride; TGL, triacylglycerol lipase (1-5); YJU3, 
monoacylglycerol lipase; YPK1, AGC protein kinase. 
1.4.12. Complex lipid assembly in yeast 
The assembly of acyl chains into complex lipids such as phosphoglycerolipids, 
sphingolipids, sterols and triacylglycerides primarily occurs in the membranes of the 
endoplasmic reticulum (Klug and Daum, 2014). The sterols and free fatty acids have 
potential toxic effects to Saccharomyces if allowed to stay in the cytosol or allowed to 
enter lipid membranes. Instead the yeast cells deal with these lipids by esterifying them 
as either sterol esters or as triacylglycerides, and storing them in specialised organelles 
called lipid droplets (Klug and Daum, 2014). The lipids stored up as steryl esters or 
triacylglycerides can then be utilized at a later stage as a source of sterols, fatty acyls 
and diacylglycerides at a later stage by mobilizing triacylglyceride lipases and steryl 
ester hydrolases to the lipid droplets (Klug and Daum, 2014).   
1.4.12.1. Factors controlling acyl chain length in Saccharomyces cerevisiae 
In yeast, the activity of acetyl-CoA carboxylase (ACC) is allosterically regulated, by 
being inhibited by long chain acyl-CoA (Klug and Daum, 2014). ACC converts acetyl-
CoA to malonyl-CoA, and malonyl-CoA supplies the 2-carbon units that are added to 
the growing acyl chain (Klug and Daum, 2014). If the rate of malonyl-CoA supply to 
the FAS I complex is lowered, then the likelihood of early acyl elongation termination 
increases, the result of transacylation of the acyl-enzyme with either coenzyme A or 
water to form either acyl-CoA or free fatty acid, respectively (Klug and Daum, 2014). 
The ACC readily acts as an acyl-acceptor from FAS by binding to the long chain acyl-
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CoA, thus temporarily sequestering the end products of FAS, from the cytoplasm as 
they are subsequently transported to membranes where the membrane lipids will have a 
higher affinity for the acyl-CoA than ACC does (Klug and Daum, 2014). However, 
when exogenous lipids are added to yeast, the inhibition of ACC is surpassed by 
repression of ACC expression by the acyl-CoA, which are derived from the conversion 
of the exogenous fatty acids (Kamiryo and Numa, 1973, Kamiryo et al., 1976). 
1.4.13. Acyl chain modifications and catabolism 
Acyl-chains can also be degraded by β-oxidation to produce energy and shorter 
acyl-chains. β-Oxidation occurs in cycles, with each cycle removing a two-carbon unit 
from the acyl chain. β-Oxidation occurs in mainly in the peroxisomes of both yeast and 
plants (Li-Beisson et al., 2010, Klug and Daum, 2014). However, to a lesser degree, 
some β-oxidation occurs in the mitochondria, particularly the final steps to complete 
oxidation all the way to the final products of carbon dioxide and water. 
Incomplete β-oxidation and incomplete FAS results in medium and short acyl 
chains. As high concentrations of free fatty acids with medium or short chain lengths 
are toxic to Saccharomyces cerevisiae cells, it has been suggested that the cell deals 
with free fatty acids by esterifying them into methyl and ethyl esters in order to remove 
them (Saerens et al., 2008a). Esterification of fatty acids leads to an increase in 
volatility so that when the esters are excreted by the cell, they subsequently evaporate 
and are removed from the environment of the yeast (Saerens et al., 2008a). The volatile 
esters of short and medium chain fatty acids, while minor components of wine produced 
by Saccharomyces cerevisiae are highly valued because the fruit and perfume-like 
aroma characteristics they provide to wine are pleasant (Saerens et al., 2008a). 
 Additionally, in some organisms, modified lipids, such as hydroxy-lipids, can be 
oxidised followed by lactonization to form gamma- and delta-lactones, which are aroma 
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compounds with oily, coconut and stone-fruit sensory nuances (Garbe et al., 2001, 
Garbe, 2008).  
1.5. Lipids in grapes 
1.5.1. Grape tissues 
Until recently, grape lipids have either been analysed by thin-layer chromatography 
or by GC-MS of derivatized acyl chains (Miele et al., 1993). These have shown that 
there are differences in the distribution of broad lipid classes when comparing different 
grape tissues; grape seeds lipids are primarily neutral lipids, while grape skins and flesh 
have higher proportions of phospholipids and glycolipids (Miele et al., 1993). When 
grape must is produced from the berries, the proportions of phospholipids decrease 
relative to the grape flesh or skin, while the proportions of glycolipids and neutral lipids 
are elevated compared to the proportions of these lipids in grape skins and seeds (Miele 
et al., 1993). The most abundant fatty acid residues in grape flesh and skins are linoleic 
acid (18:2(n-6)), palmitic acid (16:0) and linolenic acid (18:3) (Miele et al., 1993). In 
grape seeds, however, the majority (>75 %) of fatty acid residues are linoleic acid, 
while oleic acid (18:1), palmitic and stearic acid (18:0) are minor fatty acids with 
between 1 and 10 % of fatty acid residues being one of these three acids (Miele et al., 
1993). The major fatty acid residues in grape must are palmitic, linoleic, stearic and 
oleic acids, while linolenic acid accounts for 6.6 % of fatty acid residues (Miele et al., 
1993). Another ten fatty acids each account for between 1 and 5 % of the grape must 
fatty acid residues (Miele et al., 1993). There are some conflicting results about whether 
free fatty acids exist in grape berries; Roufet et al. did not detect any free fatty acids in 
grape tissues (Roufet et al., 1987), while studies by Yunoki et al. and Tumanov et al. 
have determined free fatty acids in grape musts (Yunoki et al., 2005, Tumanov et al., 
2015). 
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1.5.2. Grape varieties 
Studies of lipid profiles of grape varieties have resulted in conflicting conclusions 
about whether differences in lipid composition between grape varieties exist. Roufet and 
co-workers concluded that there was not a difference in lipid profiles between four 
grape varieties-Trebbiano, Syrah, Cabernet Sauvignon and Carignan- (Roufet et al., 
1987), while Barron et al. observed differences in the triacylglyceride profiles between 
Airen and Tempranillo grapes (Barron and Santamaria, 1990). 
1.5.3. Lipids in Grape Development  
Small changes in fatty acid profiles were observed at different stages of grape 
development, with the exception of neutral and glycolipids containing linolenic acid 
residues, which decreased during grape development (Roufet et al., 1987). A more 
granular study of triacylglycerides during late stages of ripening found that TG with 
unsaturated fatty acid residues changed dramatically during grape ripening, but without 
a clear trend, instead rising and falling a couple of times during the duration of the 
experiment (Barron et al., 1989).  
1.5.4. Lipidomics of grapes 
More recent studies of grape or must lipid profiles have been done on intact lipids 
using LCMS and infusion-MS techniques. Tumanov et al. reported detection of 83 
lipids from free fatty acid, Cer, LPC, PC, MG, DG and TG classes in grape must using 
infusion orbitrap mass spectrometry (Tumanov et al., 2015). Della Corte et al. have 
carried out a preliminary quantification of 33 lipids from CAR, sterol, free fatty acid, 
TG, MG, PC, LPC, ceramide and prenol lipid classes in grape tissues using LC-QQQ 
mass spectrometry (Della Corte et al., 2015). These studies have each reported lipids 
that would be unusual if found in high concentrations in grapes, namely fungal 
ergosterol and gamma-linolenic acids (Tumanov et al., 2015, Della Corte et al., 2015). 
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Furthermore, a wider range of grape lipid classes is expected in grape tissues, for 
example glycosylglyceride lipids (Miele et al., 1993). The exploratory and identification 
power of quadrupole time-of-flight (Q-TOF) mass spectrometry could provide a more 
sensitive and broader snapshot of the grape lipidome than LC-QQQ-MS in scan mode. 
This is because adducts of many co-eluting lipids can be measured simultaneously by 
the TOF, and because some lipid adducts from different classes that share m/z can be 
distinguished by the high mass resolution of QTOF (Chernushevich et al., 2001). 
Compared to the work in orbitrap, LC-QTOF-MS can have comparable resolution 
power, but the higher ion trapping capacity of Q-TOF compared to analysis time means 
that for a given sensitivity and time period more ions of interest can be detected, which 
allows analysis to be coupled with chromatographic separation of lipid species that have 
adducts that share a m/z (Knittelfelder et al., 2014b, Liebisch et al., 2017). 
1.6. Lipids in Saccharomyces cerevisiae 
Yeast in wine fermentation have many lipid classes in common with those of Vitis 
vinifera, although in yeast there are no SQDG, no polyunsaturated fatty acids and 
reduced variety in bases of sphingolipids and in the range of steroidal lipids produced 
(Klug and Daum, 2014). The most abundant phospholipids in yeast are PC, PE, PI and 
PS, but the organelles of yeast have varying lipid compositions. The plasma membrane 
contains much higher PI and PS concentrations, and lower PC and PE concentrations 
(Klug and Daum, 2014), than would be found in an analogous grape membrane. Like 
grapevine, yeast use PA as a central intermediate in the synthesis of many lipid classes 
and this lipid is only found in substantial quantities in the peroxisomes (Klug and 
Daum, 2014), where functional groups of other phospholipids are removed by enzymes. 
Cardiolipin comprises a greater part of mitochondrial membranes than it does in other 
membranes (Klug and Daum, 2014). The acyl chains that make up most yeast lipids are 
palmitoleic acid (C16:1), oleic acid (C18:1), palmitic (C16:0) and stearic acids (C18:0), 
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with C14:0 and C26:0 being the other common fatty acyl chains in yeast (Klug and 
Daum, 2014).  
1.7. Fatty acid ethyl esters 
Esters make up an important portion of the volatile aromas present in a glass of 
wine. The two main types of esters important to wine aroma are acetate esters and ethyl 
esters, with acetate esters being thought to have a larger influence (van der Merwe and 
van Wyk, 1981). The total ester concentration can be perceptible, even if each 
individual component is below its impact odour threshold, due to synergistic effects 
(van der Merwe and van Wyk, 1981). Most esters are produced during yeast 
fermentation. However, malo-lactic fermentation, along with further microbial and 
chemical conditions during storage can change the concentrations of ester in the wine 
over time.  
Medium chain fatty acid ethyl esters (MC-FAEE, or FAEE) are responsible for a 
large degree of wine fruitiness, making them very important contributors to the odour 
perception of young red and white wines. The odour descriptions for the volatile FAEE 
of medium chain fatty acids (having 4 to 14 carbons) are generally positive, and the 
concentrations found in wine are often above the respective odour thresholds (Table 2), 
while a mix of different esters has been shown to have a higher sensory intensity than 
the individual components, due to organoleptic synergistic interactions of the 
compounds (van der Merwe and van Wyk, 1981). Even subtle changes in the 
concentration of a FAEE can alter the perception of desirable sensory characteristics, 
such as red berry aroma (Pineau et al., 2009). 
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Table 2: Short and medium chain fatty acid ethyl esters in wine 
Compound conc (mg L-1) Sensory description Odour threshold (mg L-1) * 
ethyl butanoate 69.2-1118 ethereal/fruity apple 20 
ethyl hexanoate 153-2556 ethereal/fruity/ apple peel 14 
ethyl octanoate 162-820 fruit/green apple/pear/ fat 5 
ethyl decanoate 14.5-423 oily/fruity/floral/grape 200 
ethyl dodecanoate 150 oily/fruity/floral/ 500# 
*In 10 % v/v aq. ethanol, except: #(media not specified). 
Concentration ranges and odour thresholds from (Ferreira et al., 2000, Aznar et al., 2003, 
Guth, 1997, López et al., 2003, Escudero et al., 2004, Clarke and Bakker, 2004, Culleré et al., 
2004, Zea et al., 2001) 
1.7.1. Synthesis and accumulation 
MC-FAEE are thought to be mostly produced by synthesis in yeasts during 
fermentation (Nykanen, 1986), and FAEE are often referred to as “fermentation-derived 
esters” (Ugliano and Henschke, 2009). The de novo synthesis pathway of FAEE has 
been elucidated in brewer’s yeast (Nordström, 1964a, Nordström, 1964b). The major 
route of formation of medium chain FAEE in fermentation is enzymatic ethanolysis of 
Coenzyme A bound medium chain fatty acids (acyl-CoA). Medium chain fatty acyl 
chains are not typically found esterified to glycerol in complex lipid membrane and 
storage lipids. The activated fatty acids are assumed to be products of the yeast 
metabolism (Lambrechts and Pretorius, 2000, Suomalainen, 1981). The identification of 
two acyl-transferases (Eht1p and Eeb1p) and prediction of others (Atf1p, Atf2p) 
involved in formation of medium and long chain fatty acid ethyl esters has been 
followed by in vitro and in vivo studies of their activity, showing Eht1p to catalyse 
synthesis of ethyl hexanoate, ethyl octanoate and ethyl decanoate, and deletion of one or 
both genes to result in a reduction of FAEE production (Saerens et al., 2006, Lilly et al., 
2006b). However, adding long chain fatty acids to a fermentation inhibits action of 
alcohol acetyl transferases, so may reduce the amount of fatty acid ethyl esters produced 
(Yoshioka and Hashimoto, 1983). Chemical esterification (as well as hydrolysis) is also 
occurring in the acidic conditions of must and wine media, although not to the same 
extent that enzyme-mediated ethyl ester formation occurs (Matthews et al., 2004). 
35 
While the esterification step is accelerated by enzymatic processes, it is the supply of 
the acyl-CoA precursors that limits the rate of FAEE formation. Acyl-CoA are sourced 
from the termination of fatty acid synthesis and possibly incomplete β-oxidation of fatty 
acid as well.  
Yeast strain, fermentation temperature and stirring can all alter the formation of 
FAEE by yeast, but the composition of the grape also appears to influence FAEE 
accumulation. Analysing sensory data of wines made from different grape varieties 
shows that FAEE are more important in some varietal wines than in others (Smyth et 
al., 2005). Higher concentrations of linoleic acids in grape must (not yeast-derived, i.e. 
exogenous) are associated with lower concentrations of FAEE in wines (Yunoki et al., 
2007). Adding mixtures of octanoic acid, decanoic acid, dodecanoic acid and 
palmitoleic acid to ferments increased production of ethyl octanoate and ethyl 
decanoate, while linoleic, linolenic and oleic acid tended to decrease FAEE levels in 
wine (Rosi and Bertuccioli, 1992). Introducing a mix of sterols, saturated and 
unsaturated lipids to ferments has been shown to increase FAEE levels (Varela et al., 
2012). It was found that grapes grown from cold regions of Japan produced wines with 
lower levels of FAEE than those grown in warmer areas, with the FAEE concentrations 
in wines from warmer regions being about two to three times higher than those from, 
cooler regions (Yunoki et al., 2005). The authors concluded that the higher levels of 
unsaturated fatty acids in grapes from cold areas inhibited the ability of the fermentation 
yeast to produce FAEE (Yunoki et al., 2005). However, the differences in FAEE and 
fatty acid levels would probably be explained equally well by the varieties of grape 
compared being different in each region (Yunoki et al., 2005). The relationship of grape 
composition and environmental conditions seems to be complex, and may depend on 
the relative concentrations of different grape components between the studies, but the 
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unifying conclusion could be that grape composition plays some role in FAEE 
production by yeast during fermentation.  
1.8. Restatement of problems 
Many studies investigate the localization of suspected aroma precursors in grape 
tissues, such as glycosylated terpenoids. However, there is space for a study that tries to 
establish the contributions of each grape tissue to aroma compound concentrations 
regardless of what the putative precursors may be. 
As well as identifying which grape tissues contribute to wine aroma compound 
formation; there is a need to identify precursors to wine aroma compounds. 
Furthermore, compounds which have indirect influences on wine aroma compounds are 
also in need of identification. Some studies have established putative precursors to some 
wine aroma compounds, but the concentrations of the putative precursors do not always 
account for the observed concentrations of the wine aroma compounds. This may be 
because the precursors often require identification before their metabolic results can be 
established, and this identification requires presumptions about what properties or 
structures the precursor will have. Occasionally these presumptions may lead to the 
exclusion of other possible precursors. Alternatively, precursor candidates may be 
investigated despite having a smaller influence on aroma compound formation than 
proposed. Several types of precursors may contribute to the concentrations of some 
aroma compounds, and determining the extent of each of these contributions can be 
difficult. 
Lipids may be intermediates in the formation of other aroma compounds such as 
lactones, medium chain free fatty acids, FAEE, other alkyl alcohols and their esters. 
There is some evidence that yeast incorporate grape lipids into their membranes, but 
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there is conflicting evidence about the effect of exogenous lipids on FAEE 
accumulation by yeast during fermentation. 
The grape lipidome has typically been determined by inferring acyl chain identity by 
GC-MS analysis of fatty acyl methyl esters (FAME) resulting from derivatizing fatty 
acyl chains previously released from their parent complex lipids by hydrolysis or 
saponification. FAME-based methodologies can lack information about the molecular 
structure of the parent complex lipids. The development of high-resolution LC-MS 
instruments now makes the analysis of intact complex lipids feasible. Previous mass 
spectrometry techniques for analysing grape lipids have typically found a relatively 
small range of lipids. It is also likely that successful extraction of many classes of intact 
complex lipids requires the denaturation of endogenous lipases, and that previous 
lipidomic profiling studies of grape lipids therefore omit detection of important lipid 
species. In order to ascertain the lipid species that yeast will be exposed to during wine-
making, it will therefore be necessary to carry out qualitative lipidomic profiling of 
grape tissues. Grape development stage, varieties, and tissue are factors that wine-
makers have a degree of control over, so a determination of whether there are 
quantitative differences in lipid profiles based on these factors is necessary. 
1.9. Response to problems 
In order to explore the contributions of each grape tissue to the aromas present after 
fermentation, analysing the aroma profile of wines made by fermenting grape material 
that is enriched in the particular grape tissue is required. However, each of the grape 
tissues varies in the concentrations of two of the things necessary for yeast to ferment; 
sugars and nitrogen sources. Therefore, it would be necessary to use a media that 
normalizes the concentrations of sugars and nitrogen, so that the effects of other factors 
provided by grape tissues can be compared.  
38 
When bio-prospectors search for bio-active compounds that will affect a particular 
disease, one approach they take is to separate extracts of organisms into fractions by 
polarity and to then select fractions for further study based on an assay which indicates 
the disease-fighting potential of compounds in that fraction. An analogous approach, 
that could be useful in wine aroma chemistry, would be to separate grape or wine 
extracts into fractions on the basis of polarity, and then to perform an ‘assay’ that 
selects fractions on the basis of aroma or aroma-influencing-potential. Once candidates 
for aroma-influencing compounds are established, relating the structure to metabolic 
pathways and mechanisms will be useful for indicating how wine aroma compound 
concentrations can be manipulated by wine-makers and grape-growers. 
The compared to shot-gun approaches using an LC-QQQ-MS, the LC-QTOF mass 
spectrometry allows simultaneous collection of MS data, allowing the discovery of lipid 
species from a greater range of lipid classes. Furthermore, precursor adducts can be 
selected for fragmentation and the QTOF allows detection of all the fragments that 
result. Mass spectrometry with a QTOF may therefore allow a more complete picture of 
the lipid profile in grape tissues than recent studies using LC-QQQ-MS have been able 
to provide. Compared to studies carried out using orbitrap or other FID based MS, the 
Q-TOF profiling allows coupling with liquid-chromatography. Liquid-chromatography 
along with a higher duty cycle may allow an increase in sensitivity for detecting and 
identifying minor lipid components and chromatographic separation of lipids with 
overlapping m/z profiles. Reversed-phase chromatography allows lipids to be separated 
as functions of a combination of lipid class, acyl-chain length and double-bond number 
(Knittelfelder et al., 2014b).  
39 
1.10. Chapter overview 
In Chapter 2, wines are made from synthetic must supplemented with different 
grape tissues (flesh, skin, seed) taken from two grape varieties and volatile profiles of 
grape influenced aroma compounds analysed by GC-MS. 
Chapter 3 details how aroma-potential guided natural products isolation can identify 
grape compounds that influence the accumulation of target wine aroma compounds, 
such as fatty acid ethyl esters. A candidate identified as a polyunsaturated 
triacylglyceride was associated with an increase in FAEE during fermentation. The 
work presented in Chapter 3 is supported by the peer-reviewed article “Fermentation-
Guided Natural Products Isolation of a Grape Berry Triacylglyceride that Enhances 
Ethyl Ester Production” published in Molecules (Blackford et al., 2018). 
In Chapter 4 different aspects of the triacylglyceride’s effects on aroma compound 
accumulation during fermentation are investigated. This was done by supplementing 
synthetic grape juice musts with different lipids at a variety of concentrations and 
analysing volatile profiles with GC-MS.  
In Chapter 5, a qualitative profiling of grape lipids in tissues from two grape 
varieties at different stages of development is carried out using high resolution QTOF 
mass spectrometry.  
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Chapter 2 - Localisation of grape tissue-specific factors 
contributing to wine aroma 
2.1. Introduction 
There are several types of factor that grape tissues might provide to the wine-
making process that could influence the volatile profile of the wine. Some compounds 
might be found in the grapes in the form in which they will occur in the wine product, 
such as methoxypyrazines or rotundone (Wood et al., 2008, Siebert et al., 2008, 
Dunlevy et al., 2013, Dunlevy et al., 2009). Others compounds may require a simple 
modification or rearrangement by microbial or chemical processes acting on precursors 
that were essentially synthesised by the grape. For example, hydrolysis is required to 
release volatile monoterpenoids from non-volatile glycosylated conjugates of 
monoterpenoids. There is potentially a huge range of grape-derived volatile and non-
volatile compounds that alter the outcome of fermentation, with the volatile profile 
along with it. Examples of this last type of grape-derived factor, in which exogenous 
grape compounds alter yeast-derived volatile profiles, range from rather simple 
molecules, such as β-alanine (Boss et al., 2015), to more structurally complex 
compounds, such as the grape phytosterols; β-sitosterol, campesterol and stigmasterol 
(Rollero et al., 2015). The various compounds making grape-derived contributions to 
wine aroma are unlikely to be uniformly distributed between the different grape tissues; 
grape skins, grape seeds and grape flesh. An example is found in glycosylated 
monoterpenoid conjugates, which are primarily concentrated in the skin, and to a lesser 
extent in the flesh. The processes by which grape must is produced will influence the 
extent to which compounds are extracted from different grape tissues; effectively 
resulting in grape musts that are relatively enriched or depleted of factors from each of 
42 
the grape tissues. This enrichment is something that winemakers may be able to exploit 
to create wines with targeted wine volatile profiles. However, white wines tend to be 
made primarily from must with skins and seeds removed early in wine-making. Red 
wines tend to be made from musts with an extended period of contact with grape skins. 
Varying degrees of crushing and maceration can be applied to the grapes and must to 
alter the composition of the must. While grapes seeds in musts are generally avoided 
because of the astringent and bitter sensory properties they can impart to wines, they 
still contribute tannins and neutral lipids to musts in excess of that extracted from the 
skin and flesh. Smaller grapes generally have a higher proportion of skin and seed tissue 
to flesh than larger grapes have. Therefore, wine volatiles that are influenced by skins 
and seeds will be more prominent in the resulting wines than a similar wine made with 
larger grapes. The natural variability in grape sizes within and between bunches can 
therefore be used to parcel grapes so that musts are produced with differing 
contributions from each grape tissue. Furthermore, there are environmental conditions 
that result in differences the relative composition of tissues in grapes, such as varying 
numbers of seeds in the grapes. 
Accordingly, it may be possible to utilize grape berry tissues to target wine volatile 
profiles. However one difficulty with implementing this idea is that the contributions of 
each grape tissue are not known in great detail. There are some studies of the 
distribution of compounds which have known biosynthetic pathways to targeted volatile 
compounds. Examples of such compounds include lipid hydroperoxides (Podolyan, 
2010, Pilati et al., 2014), glycosylated precursors (Wilson et al., 1984) and thioester 
precursors (Peyrot des Gachons et al., 2002) to volatiles in grape tissues and linkages to 
particular wine volatile compounds. There are studies that explore maceration and skin 
contact parameters. However, the association of such grape tissue-contributions to wine 
volatile profiles could be done in such a way that immediate identification of precursors 
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or factors in the grape tissues is not required. In a previous study, concentrations of 
dozens of wine volatiles were shown to vary with the proportion of grape juice used to 
supplement a chemically defined must (Keyzers and Boss, 2010).  
This chapter seeks to investigate the grape-influenced nature of these volatile 
compounds in more detail. The aims of the work in this chapter are: 
• To observe whether wines made from fermentations enriched in, or depleted 
of, certain grape tissues differ in their aroma profiles. 
• To further confirm that certain wine volatiles, including those generally 
thought to be fermentation influenced, are also influenced by the content of 
the grapes used during fermentation. 
• To gain an idea of the location, between grape tissues, of the chemical 
factors driving the grape influence on wine aroma profiles. 
 In this chapter, model musts were produced that were enriched with each grape 
tissue and had sugar and inorganic nitrogen normalised, in order to determine 
contributions of each grape tissue to the concentrations of such grape-sensitive wine 
volatiles. The aim in doing this was that the hypothesised effects of the different amino 
acid, lipid and secondary metabolite composition of each grape tissue might be 
distinguished. In order to determine the relative concentration of these factors in each 
tissue, the first experiment used equal weights of each of the three tissues (equal weight, 
“EW”). However, the distribution of mass among the different parts of the grape berry 
is not equal, so a second experiment was done with mass proportional to each tissue’s 
contribution to the mass of the grape (Grape proportional, “GP”). 
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2.2. Materials and methods 
2.2.1. Chemicals 
The following chemicals were purchased; hexyl-d13 alcohol (D13, 98 % atom, CAS: 
204244-84-8), d11-hexanoic acid (D11, 98 % atom, CAS: 95348-44-0), and d16-octanal 
(D16, 98 % atom, CAS: 1219794-66-7) from CDN Isotopes (Pointe-Claire, Quebec, 
Canada), methyl nonanoate (Fluka, Buchs, Switzerland), D-(-)-fructose (99 %) and D-
(+)-glucose (99.5 %) (Sigma, Castle Hill, NSW, Australia), ammonium chloride 
(Riedel-de Haen Reagents, Seelze, Germany), sodium chloride (Sigma). Ultrapure 
Millipore water (resistivity, 18.2 MΩ-cm at 25 °C) was purified by a Synergy Water 
System (Merck Millipore, Darmstadt, Germany). 
2.2.2. Grapes 
Cabernet Sauvignon bunches were harvested by hand in March 2010 from 
Willunga, South Australia just prior to commercial harvest. Riesling bunches were 
harvested by hand in March 2010 from a commercial vineyard in Charleston, Adelaide 
Hills, South Australia also immediately prior to commercial harvest. After 
transportation in ice chilled containers, bunches were stored at 4 °C overnight. The 
bunches were subsequently de-stemmed by hand and flash frozen in liquid nitrogen. 
The frozen berries were stored at -40 °C. Grape material was separated by hand into its 
constituent tissues by partially thawing the berries to remove the skin and then 
removing the seed from the flesh, immediately freezing each piece of separated tissue in 
liquid nitrogen. Each of the grape tissue types was ground into a powder at liquid 
nitrogen temperatures with an Ika (Staufen, Germany) A 11 basic analytical impact 
grinder with a stainless-steel milling chamber. Whole grape berries were also set aside 
in replicate sets.  
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In the first experiment, Cabernet Sauvignon and Riesling grapes were separated into 
flesh, skin and seed tissues until there was sufficient material for three 10 g replicates of 
each tissue, which were then homogenised in a grinder as described above. Ten grams 
of whole grapes were used for the fourth treatment, and a fifth treatment comprised 10 g 
of whole grapes that were lightly crushed with a glass rod to disrupt the seed coating 
and grape skin. After 40 mL of model grape juice must was added to each replicate 
there were five treatments, each with three replicates; whole berries (crushed), whole 
berries (homogenised), flesh (homogenised), skin (homogenised) and seed 
(homogenised). The wines produced by the first experiment were made from equal 
weights of separated tissues and were therefore labelled “Equal Weight”, or “EW”. 
In the second experiment, three subsamples of 25 g of Cabernet Sauvignon and 
Riesling grapes were separated into flesh, skin and seed tissues, followed by 
homogenisation. A second and third batch of three 25 g subsamples of grapes were 
either homogenised, or lightly crushed with a mortar and pestle as they thawed, 
respectively. After a variable amount of model grape juice must was added to each 
sample, there were five treatments, each with three replicates; whole berries (crushed), 
whole berries (homogenised), flesh (homogenised), skin (homogenised) and seed 
(homogenised). The wines produced under this experiment were made from weights of 
tissues proportional to the weights of those tissues in whole berries, and were therefore 
labelled “Grape Proportional”, or “GP”.  
The grape tissues prepared as above, were supplemented with model grape juice 
must to a final volume of 50 mL. Model musts were made up to a sugar concentration 
that matched the average fermentable sugar in whole grape juice for that wine grape 
variety, as measured with an enzymatic method that combined values of fructose and 
glucose (K-FRUGL, Megazyme, Chicago, Illinois). The amount of sugar that would be 
present in a particular type of tissue was also assayed using the kit, then model must 
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was added to the flask to provide a final sugar concentration equal to that if 50 g of 
grape flesh were being fermented. Cabernet Sauvignon fermentations were adjusted to a 
total sugar concentration of 229 g L-1, while Riesling fermentations were adjusted to a 
total sugar concentration of 204 g L-1. These concentrations were chosen because these 
were the concentrations in flesh tissue, which was the highest concentration of sugars 
found in any of the tissues. Adjustments were made with model grape juice must that 
was equal parts fructose and glucose by weight.  
Nitrogen levels were controlled by supplementing the grape tissues with ammonium 
chloride solution in model must. The levels of yeast assimilable nitrogen (YAN) were 
brought to a level that was in excess of the highest concentration of yeast assimilable 
nitrogen in any of the grape tissues used. This supplementation of the available nitrogen 
was done in order that this was not a factor that would curtail the growth of the yeast 
and possibly cause differences in wine volatile profiles. However, the yeast would 
probably have a different pool of exogenous protein, amino acids and other metabolites 
to utilise when fermentations were conducted in the presence of different grape tissues. 
We assumed that differences due to these grape metabolites would be manifest in 
changes in the relevant volatile profiles, rather than any differences in the amount of 
nitrogen necessary for yeast growth. Adjustments of nitrogen content were made with 
ammonium chloride solution to the concentration of seed tissue, 167 mg of nitrogen L-1, 
which was the highest of any of the treatments. An additional 150 μL aliquot of 1.1 mol 
L-1 ammonium chloride solution was added to each 50 mL must, bringing the final 
concentration of YAN to 214 mg of nitrogen L-1, to ensure that the fermentations did 
not become “stuck”. As well as containing fructose, glucose and ammonium chloride, 
the model grape juices contained citric acid (0.2 g L-1), malic acid (5 g L-1) and tartaric 
acid (5 g L-1), and were adjusted to pH 3.22 with sodium hydroxide solution. The 
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prepared model grape juice musts were inoculated, fermented and analysed as described 
below. 
2.2.3. Yeast  
Yeast starter cultures were prepared by adding approximately 0.25 g of yeast (strain 
EC118, Prise de Mousse, AB Mauri, Australia) to 25 mL model grape must and shaken 
in an incubator at 28 °C overnight. Prior to inoculation, the yeast starter culture was 
centrifuged (10 minutes at 4000 rpm) and re-suspended in 20 mL sterile water. 
Centrifuging and re-suspension steps were iterated a further two times and then the 
suspension was diluted to approximately 3x107 cells/mL, determined by diluting until 
an optical density of 1.0 arbitrary units was measured at 600 nm on a UV-1601 
ultraviolet spectrometer (Shimadzu, Kyoto, Japan). Aliquots (0.5 mL) of the diluted 
yeast suspension were used to inoculate each 50 mL fermentation.  
2.2.4. Fermentation conditions 
Preparation of fermentations (50 mL) was carried out in sterile conditions. 
Inoculation of model must was done with a yeast starter culture (0.5 mL). The 
fermentation vessels were 100 mL conical flasks that had been sterilized by autoclaving. 
Airlocks containing sterilized water decreased post-inoculation infection and maintained 
an anaerobic environment. Fermentations were carried out in biological triplicate for 
each tissue type from each grape variety. The progress of the fermentations was 
monitored by mass loss and halted by removal of yeast by centrifuging (10 minutes at 
4000 rpm) when mass loss had discontinued. Wines that were produced were then 
stored under nitrogen in glass Schott bottles at 4 °C. 
2.2.5. GC-MS identification and semi-quantification of wine volatiles  
For the analysis of wine aroma compounds from the experimental wine two sample 
preparations differing in dilution regimes were applied to each sample. For the 1 in 2 
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dilution regime; 3.0 g (±0.05 g) sodium chloride, 5 mL water, 5 mL of the wine sample 
and 10 μL of the internal standard solution (methanolic solution of 1-octyl-d16 aldehyde 
(82.1 mg L-1), 1-hexyl-d13 alcohol (920 mg L
-1), methyl nonanoate (6.12 mg L-1) and 1-
hexanoic-d11 acid (930 mg L
-1)) were added to a 20 mL amber headspace vial. For the 1 
in 100 dilution regime; 3.0 g (±0.05 g) sodium chloride, 9.9 mL water, 100 μL of the 
wine sample, and 10 μL of an 1:10 diluted internal standard solution (that is, 10 µL of a 
methanolic solution comprising 1-octyl-d16 aldehyde (8.21 mg L
-1), 1-hexyl-d13 alcohol 
(92.0 mg L-1), methyl nonanoate (0.612 mg L-1) and 1-hexanoic-d11 acid (93.0 mg L
-1) 
Table 3) were added to a 20 mL amber 20 mm crimp top headspace vial (Chromacol, 
Welwyn Garden City, United Kingdom). Vials were tightly sealed (20 mm crimp caps; 
cap: tin plate and aluminium, septum; silicone with PTFE inner liner; Chromacol) with 
a 20 mm crimp clamp. Sealed headspace vials were briefly vortexed (10 seconds) prior 
to transfer to autosampler tray in an order determined using Microsoft Office Excel 
2007 (Microsoft Corporation, Redmond, WA, USA) by assigning random numbers to 
each sample and sorting samples by the size of the assigned random number. Vials were 
incubated at 40 °C for 5 minutes (agitation speed: 300 rpm; agitation cycles: on: 60 
seconds; off: 1 second) prior to extraction by SPME fibre to equilibrate the sample.  
For extraction, divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) 
2 cm SPME fibres, 50/30 μm 24-gauge, grey, were purchased from Supelco (Bellefonte, 
PA, USA). New fibres were initially conditioned for 1 hour at 270 °C and three GC-MS 
test runs were performed for a generic cask wine sample prior to use with any samples 
for analysis. The wine samples prepared as described above were extracted for 30 
minutes at 40 °C with the same agitation parameters as described for the equilibration 
step above. 
GC-MS analysis was performed on an Agilent 7890A GC system equipped with an 
Agilent mass selective detector 5975C mass spectrometer (Agilent Technologies, 
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Waldbronn, Germany). Headspace sampling was automated with a Gerstel MPS2 
autosampler (Gerstel, Mulheim, Germany) and CTC Analytics PAL system (CTC 
Analytics, Zwingen, Switzerland). Chromatographic separation was achieved with a 
ZB-WAX (30 m×250 μm internal diameter × 0.25 μm film) column (Phenomenex, 
Torrance, CA, USA).The conditions for GC-MS were as follows: injection mode: 
splitless; injection temperature: 220 °C; injection penetration: 67.00 mm; desorption 
time: 60 seconds; pressure: 11.604 psi; total flow: 51.5 mL/minute; switched septum 
purge flow: 3 mL/minute; purge flow to split vent: 50 mL/minute at 1 minute; helium 
was used as a carrier gas at a constant flow of 1.5 mL/minute; oven temperature 
program: equilibration time: 2 minute; 1. initial temperature: 35 °C; 1. hold time: 1.5 
minutes; 2. heating rate: 7 °C/minute; 2. end temperature: 245 °C; 3. hold time: 3.5 
minutes; total run time: 35 minutes; cool down time: 10 minutes; detector conditions: 
detector: MSD; MSD acquisition mode: SCAN (m/z 35-350); MSD transfer line: 240 
°C; MSD ion source temperature: 230 °C; MSD quadrupole temperature: 150 °C; MSD 
data acquisition rate: 4.45 scans/s. 
2.2.6. GC-MS data analysis and software. 
Chromatograms were recorded and processed with MSD ChemStation software 
(D.02.00.275, Agilent Technologies). Peaks were identified by comparison of mass 
spectral data with W9N08 (Wiley, version 9.0 and NIST/EPA/NIH, NIST08) mass 
spectral libraries and calculated retention indices compared to those from an in-house RI 
library of >300 genuine compounds, purchased from; ABCR (Karlsruhe, Germany), 
Aldrich, Alfa Aesar (Heysham, UK), ATI Chemical Distribution (Plymouth, MN, 
USA), Apollo (Stockport, UK), BDH (Poole, UK), CDN isotopes, ChemSampCo 
(Dallas, TX, USA), Fluka, Novachem (Calgary, Alberta, Canada), Oxford Chemicals 
Limited (Seaton Carew, UK), Penta (Prague, Czech Republic), Pfaltz and Bauer 
(Waterbury, CT, USA), Sigma, Riedal-de Haen, and Wako (Osaka, Japan). Retention 
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indices of compounds that were not represented in the in-house library were compared 
to published retention indices.  
Semi-quantitative analysis of the composition of the wines was carried out. First, 
compounds were chosen based on their demonstration as being influenced by grape 
composition (Keyzers and Boss, 2010).  Second, a suitable quantifier ion was selected 
for each compound and these were chosen based on peak height and the uniqueness of 
the ion in that area of the chromatogram. The quantifier m/z for each of the four internal 
standards is presented in Table 3. The quantifier m/z for each wine volatile compound 
selected is presented in Table 4.   
Table 3: Quantifier m/z, calculated retention indices and the mass and amounts of each compound 
that are added to the head space vials in each sample preparation method. 
  
Quantifier 
m/z 
 Amount added to 10 mL of diluted sample 
   1 in 2 dilution 1 in 100 dilution 
Compound CAS RI mg mol mg mol 
octanal-d16 1219794-66-7 112 1262 0.821 5.69 × 10-5 0.0821 5.69 × 10-6 
1-hexyl-d13 alcohol 204244-84-8 78 1323 9.20 7.98 ×10-4 0.920 7.98 ×10-5 
methyl nonanoate 1731-84-6 74 1477 0.061 3.55 × 10-6 0.00612 3.55 × 10-7 
hexanoic-d11 acid 95348-44-0 63 1846 9.30 7.31 × 10-4 0.930 7.31 × 10-5 
 
The peak areas for the extracted chromatographs of quantifier ions for each 
compound were integrated using the ChemStation Integrator in MSD Chemstation. Peak 
areas of each compound were divided by the peak area of the quantifier m/z extracted 
chromatograph peak of the corresponding internal standard to give relative abundance 
for each compound. Some compounds in samples were too abundant for accurate 
quantification in the 1in2 dilution, and so were quantified in the 1in100 diluted samples. 
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Table 4: Quantifier m/z, calculated linear alkane retention indices (LRI), laboratory LRI of 
genuine standard, CAS numbers and internal standards used for target grape –influenced 
compounds in this study. 
Name CAS 
Quantifier 
m/z 
Calculated 
LRI 
Lab 
LRI 
Internal 
standard 
aliphatics      
propanol 71-23-8 59 1037 1030 
1-hexyl-d13 
alcohol 
hexanal 66-25-1 82 1082 1027 octanal-d16 
2-methylpropanol 78-83-1 74 1103 1089 
methyl 
nonanoate 
butanol 71-36-3 56 1141 1143 
1-hexyl-d13 
alcohol 
2-heptanone 110-43-0 58 1175 1168 
methyl 
nonanoate 
2-methylbutanol 137-32-6  70 1197 1177a 
1-hexyl-d13 
alcohol 
3-methylbutanol 123-51-3  70 1197 1177a 
1-hexyl-d13 
alcohol 
pentanol 71-41-0  42 1234 1260 
1-hexyl-d13 
alcohol 
3-octanone 106-68-3  99 1240 1238 
methyl 
nonanoate 
3-hydroxy-2-butanone 513-86-0  45 1302 1309 
methyl 
nonanoate 
2-heptanol 543-49-7  83 1307 1317 
1-hexyl-d13 
alcohol 
hexanol 111-27-3  56 1340 1349 
1-hexyl-d13 
alcohol 
(E)-3-hexenol 928-97-2  67 1351 1375 
1-hexyl-d13 
alcohol 
3-ethoxypropanol 111-35-3  41 1363 1377 
1-hexyl-d13 
alcohol 
(Z)-3-hexenol 928-96-1  67 1372 1396 
1-hexyl-d13 
alcohol 
2-nonanone  821-55-6  58 1373 1375 
methyl 
nonanoate 
(E)-2-octenal 2548-87-0  83 1412 1416 octanal-d16 
1-octen-3-ol 3391-86-4  57 1437 1452 
1-hexyl-d13 
alcohol 
2-nonanol 628-99-9  45 1500 1499 
1-hexyl-d13 
alcohol 
(E)-2-nonenal 
18829-56-
6  123 ND 1537 octanal-d16 
rac-2,3-butanediol 
24347-58-
8 45 1529 1530 
1-hexyl-d13 
alcohol 
octanol 111-87-5  84 1544 1560 
1-hexyl-d13 
alcohol 
meso-2,3-butanediol 5341-95-7 45 1565 1565 
1-hexyl-d13 
alcohol 
2-undecanone 112-12-9  58 1583 1578 
methyl 
nonanoate 
2-undecanol 1653-30-1  45 ND 1707 
1-hexyl-d13 
alcohol 
3-(methylthio)propanol 505-10-2  106 1706 1705 
1-hexyl-d13 
alcohol 
decanol 112-30-1  70 1750 1755 
1-hexyl-d13 
alcohol 
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Name CAS 
Quantifier 
m/z 
Calculated 
LRI 
Lab 
LRI 
Internal 
standard 
2-tridecanone 593-08-8  58 1788 1798 
methyl 
nonanoate 
dodecanol 112-53-8  140 1949 1955 
1-hexyl-d13 
alcohol 
2-pentadecanone 2345-28-0  58 ND 2006 
methyl 
nonanoate 
      
esters      
ethyl acetate 141-78-6  61 874 882 
methyl 
nonanoate 
ethyl propanoate 105-37-3  102 952 954 
methyl 
nonanoate 
ethyl 2-methylpropanoate 97-62-1  116 960 963 
methyl 
nonanoate 
propyl acetate 109-60-4  73 969 972 
methyl 
nonanoate 
2-methylpropyl acetate 110-19-0  56 1009 1011 
methyl 
nonanoate 
ethyl butanoate 105-54-4  71 1033 1028 
methyl 
nonanoate 
ethyl 3-methylbutanoate 108-64-5  88 1067 1054 
methyl 
nonanoate 
butyl acetate 123-86-4  56 1072 1083 
methyl 
nonanoate 
3-methylbutyl acetate 123-92-2  82 1121 1111 
methyl 
nonanoate 
pentyl acetate 628-63-7  70 1134 1177 
methyl 
nonanoate 
ethyl 2-butenoate 
10544-63-
5  69 1155 1118a 
methyl 
nonanoate 
methyl hexanoate 106-70-7  74 1175 1165 
methyl 
nonanoate 
2-methylpentyl acetate 7789-99-3  43 ND NA 
methyl 
nonanoate 
ethyl hexanoate 123-66-0  88 1222 1204 
methyl 
nonanoate 
2-heptyl acetate 543-49-7  43 ND NA 
methyl 
nonanoate 
3-methylbutyl butanoate 106-27-4  70 1253 1241a 
methyl 
nonanoate 
hexyl acetate 142-92-7  70 1258 1254 
methyl 
nonanoate 
ethyl (E)-3-hexenoate 
26553-46-
8  69 1287 1283 
methyl 
nonanoate 
(Z)-3-hexenyl acetate 3681-71-8 67 1299 1296 
methyl 
nonanoate 
propyl hexanoate  626-77-7  99 1305 1287 
methyl 
nonanoate 
ethyl heptanoate 106-30-9  88 1319 1304 
methyl 
nonanoate 
ethyl (E)-2-hexenoate 
27829-72-
7  99 1330 1323 
methyl 
nonanoate 
heptyl acetate 112-06-1  61 1359 1361 
methyl 
nonanoate 
2-ethylhexyl acetate 103-09-3  83 1361 1361 
methyl 
nonanoate 
methyl octanoate 111-11-5  74 1374 1368 
methyl 
nonanoate 
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Name CAS 
Quantifier 
m/z 
Calculated 
LRI 
Lab 
LRI 
Internal 
standard 
ethyl octanoate 106-32-1  88 1420 1414 
methyl 
nonanoate 
3-methylbutyl hexanoate 2198-61-0  70 1445 1429 
methyl 
nonanoate 
octyl acetate 112-14-1  70 ND 1455 
methyl 
nonanoate 
propyl octanoate  624-13-5  102 1506 1493 
methyl 
nonanoate 
ethyl nonanoate 123-29-5  88 1522 1521 
methyl 
nonanoate 
2-methylpropyl octanoate 5461-06-3  127 1540 1530 
methyl 
nonanoate 
ethyl 3-(methylthio)propanoate 
13327-56-
5  148 1551 1552 
methyl 
nonanoate 
methyl decanoate 110-42-9  74 1580 1581 
methyl 
nonanoate 
3-(methylthio)propyl acetate 
16630-55-
0 105 1610 1602 
methyl 
nonanoate 
ethyl 2-furoate 614-99-3  95 1614 1612 
methyl 
nonanoate 
γ-butyrolactone 96-48-0  86 1614 1617 
methyl 
nonanoate 
ethyl decanoate 110-38-3  88 1629 1629 
methyl 
nonanoate 
3-methylbutyl octanoate 2035-99-6  70 1652 1652 
methyl 
nonanoate 
decyl acetate 112-17-4  43 ND 1662 
methyl 
nonanoate 
diethyl succinate 123-25-1  101 1666 1670 
methyl 
nonanoate 
ethyl 9-decenoate 
67233-91-
4  88 1681 1724a 
methyl 
nonanoate 
benzyl acetate 140-11-4  150 1713 1714 
methyl 
nonanoate 
9-decenyl acetate 
50816-18-
7  55 1726 1709 
methyl 
nonanoate 
ethyl undecanoate 627-90-7  88 1726 1732 
methyl 
nonanoate 
ethyl phenylacetate 101-97-3  91 1770 1771 
methyl 
nonanoate 
methyl dodecanoate 111-82-0  74 1787 1792 
methyl 
nonanoate 
ethyl 4-hydroxybutanoate 999-10-0 102 1795 1842a 
methyl 
nonanoate 
phenylethyl acetate 103-45-7  104 1800 1802 
methyl 
nonanoate 
ethyl dodecanoate  106-33-2  88 1835 1842 
methyl 
nonanoate 
3-methylbutyl decanoate 2306-91-4 70 1855 1853 
methyl 
nonanoate 
2-phenylethyl butanoate 103-52-6  104 1947 1938 
methyl 
nonanoate 
γ-nonalactone 104-61-0  85 2012b 2040 
methyl 
nonanoate 
ethyl tetradecanoate 124-06-1 88 2040b 2045 
methyl 
nonanoate 
3-methylbutyl dodecanoate 6309-51-9  70 2057b 2078a 
methyl 
nonanoate 
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Name CAS 
Quantifier 
m/z 
Calculated 
LRI 
Lab 
LRI 
Internal 
standard 
ethyl 3-hydroxytridecanoate 
107141-
15-1  71 2087b 2107a 
methyl 
nonanoate 
ethyl pentadecanoate 
41114-00-
5  88 2096b 2204 
methyl 
nonanoate 
ethyl hexadecanoate 628-97-7  88 2227b 2244 
methyl 
nonanoate 
ethyl 9-hexadecenoate 
 54546-22-
4  88 2249b 2265 
methyl 
nonanoate 
2-phenylethyl octanoate 5457-70-5  104 2336b 2412 
methyl 
nonanoate 
ethyl octadecanoate 111-61-5  88 ND 2453 
methyl 
nonanoate 
ethyl (Z)-9-octadecenoate 111-62-6  88 ND 2467 
methyl 
nonanoate 
      
carboxylic acids      
acetic acid 64-19-7  73 1457 1492 
hexanoic-d11 
acid 
2-methylpropanoic acid 79-31-2  60 1575 1579 
hexanoic-d11 
acid 
butanoic acid 107-92-6  60 1636 1648 
hexanoic-d11 
acid 
hexanoic acid 142-62-1  73 1852 1860 
hexanoic-d11 
acid 
2-ethylhexanoic acid 149-57-5  60 1944 1968 
hexanoic-d11 
acid 
octanoic acid 124-07-2  60 2067b 2076 
hexanoic-d11 
acid 
nonanoic acid 112-05-0  60 2151b 2200 
hexanoic-d11 
acid 
decanoic acid 334-48-5  60 2260b 2295 
hexanoic-d11 
acid 
9-decenoic acid 
14436-32-
9  60 2299b 2321a 
hexanoic-d11 
acid 
dodecanoic acid 143-07-7  60 2423b 2488 
hexanoic-d11 
acid 
      
terpenoids      
myrcene 123-35-3  93 1151 1123 
methyl 
nonanoate 
α-terpinene 99-86-5  59 1162 1137 
methyl 
nonanoate 
limonene 138-86-3  121 1179 1167 
methyl 
nonanoate 
ocimene 
13877-91-
3  92 1231 1191 
methyl 
nonanoate 
terpinolene 586-62-9  121 1231 1229 
methyl 
nonanoate 
(p)-cymene 99-87-6  119 1253 1231 
methyl 
nonanoate 
linalyl ethyl ether 
72845-33-
1 93 1311 1315a 
methyl 
nonanoate 
α-terpinyl ethyl ether 
27153-54-
4 93 1432 1464 
methyl 
nonanoate 
nerol oxide 1786-08-9  83 1453 1453 
1-hexyl-d13 
alcohol 
geranyl ethyl ether 
40267-72-
9 69 1467 1492 
methyl 
nonanoate 
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Name CAS 
Quantifier 
m/z 
Calculated 
LRI 
Lab 
LRI 
Internal 
standard 
linalool 78-70-6  71 1536 1542 
1-hexyl-d13 
alcohol 
hotrienol 
29957-43-
5  71 1593 1637a 
1-hexyl-d13 
alcohol 
β-farnesene 
18794-84-
8 93 1653 1627 
methyl 
nonanoate 
β-citronellyl acetate 150-84-5  81 ND 1648 
methyl 
nonanoate 
α-terpineol 98-55-5  93 1678 1690 
1-hexyl-d13 
alcohol 
neryl propanoate 105-91-9  93 1695 1774 
methyl 
nonanoate 
α-farnesene 502-61-4 189 1711 1740 
methyl 
nonanoate 
α-farnesene isomer 
26560-14-
5 119 1734 1786a 
methyl 
nonanoate 
geranyl acetate 
16409-44-
2  43 1741 1737 
methyl 
nonanoate 
β-citronellol 106-22-9  95 1755 1779 
1-hexyl-d13 
alcohol 
nerol 106-25-2 93 1782 1779 
1-hexyl-d13 
alcohol 
geraniol 106-24-1 69 1845 1849 
1-hexyl-d13 
alcohol 
nerolidol 7212-44-4  93 2026b 2035 
1-hexyl-d13 
alcohol 
cadalene 483-78-3  183 2200b 2211a 
methyl 
nonanoate 
farnesyl acetate 4128-17-0  43 2231b 2247 
methyl 
nonanoate 
2,3-dihydrofarnesol 
 51411-24-
6  100 ND 2245a 
1-hexyl-d13 
alcohol 
farnesol 4602-84-0  69 ND 2364 
1-hexyl-d13 
alcohol 
      
nor-isoprenoids      
vitispirane 1 
99944-79-
3  192 1510 1549a 
methyl 
nonanoate 
vitispirane 2 
99881-85-
3  192 1513 1552a 
methyl 
nonanoate 
riesling acetal 
129601-
94-1 138 1616 1663a 
methyl 
nonanoate 
1,1,6-trimethyl-1,2-
dihydronaphthalene 
30364-38-
6 157 1728 1778a 
methyl 
nonanoate 
β-damascenone 
23726-93-
4  121 1811 1830 
methyl 
nonanoate 
      
aromatics      
benzaldehyde 100-52-7  106 1514 1532 octanal-d16 
benzyl alcohol 100-51-6  107 1870 1869 
1-hexyl-d13 
alcohol 
2-phenylethanol  60-12-8  91 1896 1901 
1-hexyl-d13 
alcohol 
benzothiazole 95-16-9  135 1949 1971 
methyl 
nonanoate 
phenol 87-66-1  94 2004b 2001 
1-hexyl-d13 
alcohol 
(p)-vinylguaiacol 7786-61-0  150 2171b 2229 
1-hexyl-d13 
alcohol 
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Name CAS 
Quantifier 
m/z 
Calculated 
LRI 
Lab 
LRI 
Internal 
standard 
benzophenone 119-61-9  182 2421b 2454 
methyl 
nonanoate 
      
others      
2-methyldihydro-3(2H)-
thiophenone 
13679-85-
1  116 1519 1552a 
methyl 
nonanoate 
a Lab LRI not available 
b Calculated LRI is extrapolation beyond C20 alkane, identification based on mass spectral 
match 
ND = Not detected 
2.2.7. Statistical analysis.  
Statistical analysis was performed using R version 3.02 (R Core Team, 2015), 
utilizing the ‘agricolae’ package (Mendiburu, 2014). Each compound was tested within 
its cohort with a one-way ANOVA (α=0.05). Compounds that were found to be 
significantly different (p<0.05) were subjected to a Tukey’s HSD post-hoc test (α=0.05) 
and consequently the means of relative abundance for each compound in each treatment 
within a cohort were assigned letters, where treatments sharing an assigned letter do not 
have significantly different means for that particular compound. Compounds that were 
significantly different were normalized by dividing by the ratio of the highest value for 
that compound and subjected to PCA using the R package ‘FactoMineR’. The 
compounds and treatments that best described each component (α=0.05) were also 
analysed using the dimension description function in ‘FactoMineR’. The principal 
components were plotted with the R package ‘ggplot2’ (Wickham, 2009), and labelled 
with Inkscape (Bah et al., 2014). 
2.3. Results 
2.3.1. Experiment 1- EW of each grape tissue used in model fermentations 
In order to gain an understanding of the tissue localisation of factors that alter wine 
volatiles in grapes, model fermentations containing an equal weight (EW) of grape 
tissue were conducted. The total weight of grape tissue contained in each model 
fermentation was ten grams, and the sugar and nitrogen content of the tissues was 
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supplemented with 40 mL of model grape juice must to make the model fermentations 
containing the same total sugar and nitrogen content.  
Frozen berries were separated into skin, flesh and seed to determine the impact that 
these tissues have on wine volatile profiles. The recovery of total separated frozen 
tissues from frozen berries was 93.1 ±0.7 % from Cabernet Sauvignon and 97.2 ±0.3 % 
from Riesling (Table 5). The proportion of grape tissue that could be recovered after 
separation was slightly higher from Riesling grapes than from Cabernet Sauvignon. The 
loss of weight is probably due to the thawing of some juice and tissue that sticks to 
gloves during the separation procedure.  
The recovered separated tissues were weighed so that the proportion of tissue could 
be calculated (Table 5). Flesh was the largest component by weight, and seed was the 
smallest component by weight for both Cabernet Sauvignon and Riesling. The 
proportions of seed tissue in recovered grape tissues were similar in Riesling and 
Cabernet (7.3 and 6.3 % in Cabernet Sauvignon and Riesling, respectively) but Riesling 
had higher proportion of flesh than Cabernet Sauvignon (68.4 and 78.2 % in Cabernet 
Sauvignon and Riesling, respectively). Cabernet Sauvignon had a higher proportion of 
skin than Riesling (24.4 and 15.5 % in Cabernet Sauvignon and Riesling, respectively).  
Table 5: Composition of separated tissues and recovery rate of separated tissues compared to initial 
mass 
 Cabernet 
Sauvignon 
Riesling 
Flesh 68.4 ±0.6 % 78.2 ±0.5 % 
Skin 24.4 ±0.4 % 15.5 ±0.5 % 
Seed 7.3 ±0.3 % 6.3 ±0.2 % 
   
Recovery 93.1 ±0.7 % 97.2 ±0.3 % 
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2.3.1.1. Fermentation of separated grape tissues 
2.3.1.1.1. Riesling 
Once the model grape juice must, supplemented with either individual Riesling 
tissues or whole berries, were inoculated, fermentation took 19 days to reach dryness. 
Dryness was indicated by a cessation of mass loss (Figure 5). Seed fermentations lost 
significantly more mass than the other fermentations but all fermentations appear to 
have finished fermentation at the same time.  
Inoculating model grape juice must without grape tissue was not used as a control, 
as fermentation did not occur, indicating that grape tissues supplied some nutrient 
required for yeast viability. The volatile profile of the head-space of non-fermented 
grapes was not used as a control because the high sugar content of the grapes would 
make it difficult to make a meaningful quantitative comparison of the volatile profile of 
a grape with that of fermented wine. Furthermore, it was determined that was too 
difficult to compare samples of non-fermented grape volatile profiles without some 
degree of microbial fermentation due to naturally occurring microbes or contamination. 
The model grape juice must used for this experiment were very simple and consisted 
simply of glucose and fructose, ammonium chloride and tartaric, malic and citric acids. 
Macronutrients, micronutrients and vitamins were not included because the effect of 
berry tissue on fermentation-derived volatiles was of interest and these compounds 
would normally be supplied by the grape tissues in a normal fermentation. Furthermore, 
it would have been very difficult to normalise the concentration of the many compounds 
usually supplemented into total model grape juice media (Keyzers and Boss, 2010, 
Jiranek et al., 1995). Because of this, whole grape berries were supplemented with 
model grape juice must, and used as a control in these experiments.  
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Figure 5: Weight loss during fermentation of EW Riesling tissues or berries. Loss data are shown 
as % of weight relative to the mass of the initial fermentation volume ± standard deviation (n=3).  
Alcohol percentages of the final wines ranged from 9.9 to 11.2 % (v/v) and averages 
are shown in Table 6. There were no significant differences (Pr >F, p-value: 0.160) in 
the means of alcohol percentage between the fermentations of different tissues 
supplemented with model grape juice must. This indicates that the supplementing of 
Riesling tissues with sugar, by adding model grape juice must, had succeeded in 
producing wines that had similar alcohol percentages. 
Table 6: Percentage alcohol concentration of EW Riesling wines 
 Flesh Skin Seed Crushed 
whole berry 
Homogenized 
whole berry 
Alcohol (% v/v ± std 
dev, n=3) 
10.2 ± 0.3 10.5 ± 0.3 10.8 ± 0.5 10.5 ± 0.1 10.5 ± 0.1 
 
2.3.1.1.2. Cabernet Sauvignon 
After model grape juice must, supplemented with either individual Cabernet 
Sauvignon tissues or whole berries, were inoculated, fermentation took 19 days to reach 
dryness, which was marked by a cessation of weight loss (Figure 6). Homogenised and 
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crushed ‘whole berry’ fermentations lost significantly more mass than flesh, skin or 
seed fermentations. Flesh fermentations appear to have finished a few days before the 
other fermentations. 
 
Figure 6: Weight loss during fermentation of EW Cabernet Sauvignon tissues or berries. Loss data 
are shown as % of weight relative to the mass of the initial fermentation volume ± standard 
deviation (n=3).  
Alcohol percentages of the final wines ranged from 11.1 to 11.9 % (v/v) and 
averages are shown in Table 7. There were no significant differences (Pr >F, p-value: 
0.0771) in the means of alcohol percentage between the fermentations of different 
tissues supplemented with model grape juice must. This indicates that the 
supplementing of Cabernet Sauvignon tissues with sugar, by adding model grape juice 
must, was suitable to produce wines that had similar alcohol percentages. 
Table 7: Percentage alcohol concentration of EW Cabernet Sauvignon wines 
 Flesh Skin Seed Crushed 
whole berry 
Homogenized 
whole berry 
Alcohol (% v/v ± std 
dev, n=3) 
11.4 ± 0.2 11.8± 0.1 11.3 ± 0.1 11.4 ± 0.1 11.4 ± 0.3 
 
86
88
90
92
94
96
98
100
102
0 5 10 15 20
%
 W
e
ig
h
t 
(%
 o
f 
in
it
ia
l m
e
d
ia
)
Fermentation progress time (days)
crushed whole berry
homogenised whole
berry
flesh
skin
seed
61 
2.3.1.2. Semi-quantitative analysis of volatile compounds in the headspace of 
model wines 
2.3.1.2.1. Riesling 
The model wines, produced by supplementation and subsequent fermentation, of 
grape berry tissues or whole berries, were analysed for their volatile compound 
composition. The target list of compounds was chosen to be those volatiles that were 
influenced by the amount of grape material in model must in experiments by Keyzers et 
al. (Keyzers and Boss, 2010). 
This list contained 101 Riesling compounds, and 91 of these were detected in the 
chromatographs produced in this experiment. It was not possible to resolve 2-
methylbutanol and 3-methylbutanol with the chromatographic method used, so they 
were treated as a single analyte. There were 10 compounds that were not detected in this 
experiment, and these are listed in Table 8. The concentrations of the 91 volatile 
compounds that were detected in the headspace of the wines produced from whole 
berries and grape tissues were tested using ANOVA to identify those that were 
significantly different amongst the wines. The statistical analysis showed that 13 of 
these wine volatile compounds did not differ between fermentations (Table 9), while 78 
compounds were significantly different due to the source of the material used in the 
fermentations (Table 10). 
Table 8: Grape influenced compounds that were not detected in EW Riesling wines 
Target compounds not detected   
aliphatics  esters 
(E)-2-nonenal  3-(methylthio)propyl acetate 
2-pentadecanone  3-methylbutyl decanoate 
2-undecanol  ethyl (Z)-9-octadecenoate 
  ethyl heptanoate 
  ethyl octadecanoate 
  octyl acetate 
  pentyl acetate 
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Table 9: Grape influenced compounds that were not significantly different between EW Riesling 
wines 
class 
compound 
  
esters  terpenoids 
γ-butyrolactone  α-terpinene 
γ-nonalactone  geranyl ethyl ether 
ethyl 3-methylbutanoate  geranyl acetate 
ethyl pentadecanoate   
  nor-isoprenoids 
carboxylic acids  vitispirane 2 
octanoic acid   
nonanoic acid  aromatics 
decanoic acid  2-phenylethanol 
dodecanoic acid   
 
2.3.1.2.1.1. Most compounds did not differ in concentration between homogenised 
and crushed ‘whole berry’ wines. 
There were two ‘whole berry’ fermentation treatments, homogenised and crushed, 
and the majority, 61 out of 91, of compounds did not significantly differ in 
concentration between these two treatments. Of the 17 compounds that did differ, six 
were found in higher concentrations in crushed ‘whole berry’ wines than in 
homogenised ‘whole berry’ wines; Riesling acetal, acetic acid, 3-ethoxypropanol, butyl 
acetate, ethyl acetate and 2-methylpropyl acetate (Table 10). There were 11 compounds 
that were present in higher concentrations in homogenised ‘whole berry’ wines than in 
crushed ‘whole berry’ wines; β citronellol, 3-methylbutyl octanoate, diethyl succinate, 
ethyl undecanoate , ethyl dodecanoate, ethyl tetradecanoate, ethyl hexadecanoate, ethyl 
phenylacetate, phenylethyl acetate, (Z)-3-hexenol, and 2-methylbutanol/3-
methylbutanol. 
2.3.1.2.1.2. Differences in tissue influenced volatile compounds 
There were 20 compounds that were more concentrated in flesh-derived wines than 
in wines made from seeds. A total of 36 compounds were not significantly different 
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when comparing flesh-derived wines to seed-derived wines. Seed-derived wines had 
higher concentrations of 35 compounds compared to flesh-derived wines, mostly 
comprising ethyl esters of fatty acids, amyl esters, methyl ketones and esters of aromatic 
alcohols.  
There were 33 compounds that were more concentrated in skin-derived wines than 
in seed-derived wines, which tended to be monoterpenoids, C6 alcohols, 
norisoprenoids, methionine catabolites. A total of 33 compounds did not significantly 
differ when comparing skin- and seed-derived wines. Seed-derived wines had greater 
concentrations of 25 compounds than wines made from skins, with these compounds 
representing ethyl esters of fatty acids, amyl esters, methyl ketones and esters of 
aromatic alcohols. 
There were three compounds that were more concentrated in wines made from flesh 
than in wines made from skins, specifically; acetic acid, α-farnesene and an α-farnesene 
isomer. A total of 51 compounds did not significantly differ when comparing flesh-
derived wines to wines made from skins. There were 37 compounds that were more 
highly concentrated in wines made from skins than in wines made from flesh, which 
tended to be monoterpenoids and C6 alcohols.  
Table 10: Grape influenced compounds that were significantly different between EW Riesling 
wines. Geometric means (n=3) are of the peak area of the quantifier ion for that compound divided 
by the peak area of the quantifier ion for the relevant internal standard. Statistical similarity 
between means is indicated by values with the same letter in superscript (Tukey post-hoc). 
 geometric means (n = 3) 
    
Whole 
berry 
Whole berry 
Compound Flesh Skin Seed (crushed) 
(homogenised
) 
aliphatics      
2-heptanone 0.0110D 0.0132CD 0.0446A 0.0257B 0.0175BC 
2-nonanone 0.0427C 0.0726B 0.190A 0.0756B 0.100B 
2-undecanone 0.00828B 0.0225A 0.0261A 0.0178A 0.0228A 
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 geometric means (n = 3) 
    
Whole 
berry 
Whole berry 
Compound Flesh Skin Seed (crushed) 
(homogenised
) 
2-tridecanone 0.0204C 0.0632A 0.0445AB 0.0479AB 0.0376B 
      
butanol 0.00450B 
0.00597A
B 
0.00730A 0.00496AB 0.00484B 
2-nonanol 0.0323AB 0.0637A 0.0180B 0.0394AB 0.0748A 
octanol 0.0138D 0.0534A 0.0408AB 0.0169CD 0.0275BC 
nonanol 0.0146D 0.259A 0.0149CD 0.0260BC 0.0402B 
decanol 0.00900B 0.0246A 0.00590B 0.00803B 0.0104B 
dodecanol 0.00861A 0.00957A 
0.000346
B 
0.0152A 0.00889A 
      
rac-2,3-butanediol 0.220C 0.313BC 1.18A 0.557B 0.453B 
meso-2,3-butanediol 0.0669C 0.114BC 0.276A 0.166AB 0.127BC 
2-methylpropanol 0.317A 0.295A 0.117B 0.331A 0.263A 
2-methylbutanol/3-
methylbutanol 
14.6BC 21.4A 15.7B 11.8C 16.2AB 
3-ethoxypropanol 0.0400AB 0.0347B 0.0394AB 0.0543A 0.0312B 
(E)-2-octenal 0.00255B 0.00300B 0.0211A 0.00208B 0.0107AB 
      
3-
(methylthio)propanol 
0.0690A 0.0956A 
0.000344
B 
0.0261A 0.0464A 
      
hexanol 0.773C 4.06A 0.925C 1.72B 1.95B 
(E)-3-hexenol 0.00706C 0.0345A 0.00484C 0.00796C 0.0156B 
(Z)-3-hexenol 0.000936C 0.0297A 0.00493B 0.00490B 0.00716B 
hexanal 0.00223B 0.00363B 0.00899A 0.00281B 0.00416AB 
      
      
esters      
hexyl acetate 0.00501C 0.0217AB 0.0383A 0.0120B 0.0127B 
(Z)-3-hexenyl acetate 0.00273C 0.0120A 0.00947AB 0.00327C 0.00500BC 
ethyl (E)-3-hexenoate 0.00182C 0.0127A 0.00432B 0.00297BC 0.00288BC 
      
ethyl 3-
(methylthio)propanoat
e 
0.00635A 0.00664A NDC 0.00174B 0.00328B 
      
ethyl acetate 1.64AB 0.953B 2.60A 2.85A 1.29B 
ethyl butanoate 0.153C 0.179C 0.542A 0.350AB 0.206BC 
ethyl 2-butenoate 0.00511C 0.00995B 0.0244A 0.00871BC 0.00955B 
ethyl hexanoate 2.28B 2.96B 17.1A 3.69B 3.23B 
ethyl octanoate 3.11B 4.08B 29.2A 4.02B 4.95B 
ethyl nonanoate 0.00281B 0.00224B 0.0146A 0.00311B 0.00277B 
ethyl decanoate 3.51B 3.94B 11.8A 3.14B 4.19B 
ethyl 9-decenoate 0.309A 0.227AB 0.108B 0.310A 0.349A 
ethyl undecanoate 0.00179AB 
0.00178A
B 
0.00358A 0.00152B 0.00379A 
ethyl dodecanoate 0.212C 0.357C 1.62A 0.0685D 0.660B 
ethyl tetradecanoate 0.00500B 0.00490B 0.036A 0.00147C 0.0139AB 
ethyl 3-
hydroxytridecanoate 
0.0109AB 0.0161A 0.00378B 0.0140AB 0.0135AB 
ethyl hexadecanoate 0.00361B 0.00316B 0.00904AB 0.00399B 0.0177A 
      
methyl hexanoate 0.00125C 
0.00266A
B 
0.00436A 0.00177BC 0.00120C 
methyl octanoate 0.00544B 0.0110A 0.0121A 0.00604B 0.00532B 
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 geometric means (n = 3) 
    
Whole 
berry 
Whole berry 
Compound Flesh Skin Seed (crushed) 
(homogenised
) 
methyl decanoate 0.00468B 0.00780A 0.00564AB 0.00430B 0.00519AB 
      
3-methylbutyl acetate 1.3B 1.48B 5.59A 1.75B 1.61B 
3-methylbutyl 
hexanoate 
0.0121C 0.0206B 0.0882A 0.0167BC 0.0216B 
3-methylbutyl 
octanoate 
0.00589C 0.0135B 0.0478A 0.00373C 0.0141B 
      
ethyl phenylacetate 0.0184B 0.0407A 0.0323A 0.0107C 0.0185B 
phenylethyl acetate 0.536CD 1.47B 5.27A 0.457D 0.786C 
2-phenylethyl 
butanoate 
0.00153D 0.00635B 0.0195A 0.00176CD 0.0028C 
      
butyl acetate 0.0104BC 
0.00890B
C 
0.0202A 0.0124B 0.00729C 
heptyl acetate 0.00661B 0.00465B 0.0153A 0.00573B 0.00413B 
2-methylpropyl 
acetate 
0.0356B 0.0210B 0.0346B 0.0660A 0.0263B 
ethyl 2-furoate 0.00840B 0.0128A 0.00267C 0.00890AB 0.00689B 
diethyl succinate 0.118BC 0.225A 0.160AB 0.105C 0.160AB 
      
      
carboxylic acids      
acetic acid 1.58AB 1.15C 1.49A 1.50A 1.31B 
hexanoic acid 0.544C 0.845B 1.36A 0.712B 0.773B 
      
      
terpenoids      
myrcene NDC 0.00186A NDC 0.000643B 0.000333B 
limonene 0.00141AB 0.00400A 0.00282AB 0.00178AB 0.00113B 
ocimene 
0.000493A
B 
0.00203A NDB 0.000783A 0.00145A 
terpinolene 0.00127A 0.00304A NDB 0.00176A 0.00220A 
(p)-cymene 0.00738B 0.0709A 0.0112B 0.0220AB 0.0179B 
linalyl ethyl ether 0.00227B 0.00836A 0.00107C 0.00178BC 0.00172BC 
α-terpinyl ethyl ether 0.00247B 0.00553A 0.00123B 0.00294AB 0.00232AB 
nerol oxide 0.0160A 0.0165A 0.00384B 0.0150A 0.0118A 
linalool 0.0148B 0.105A 0.0102B 0.0189B 0.0260B 
hotrienol 0.0285B 0.0733A 0.00493C 0.0168B 0.0205B 
α-terpineol 0.00302BC 0.0275A 0.00173C 0.00444B 0.00457B 
β-citronellol 0.0172BC 0.0686A 0.00469D 0.0167C 0.0303B 
nerol 0.000699C 0.00545A 0.000292D 0.000789BC 0.00149B 
      
α-farnesene 0.000103A NDB NDB 
0.0000613A
B 
NDB 
α-farnesene isomer 0.00303A 
0.00107B
C 
0.000469C 0.00212AB 0.00112BC 
β-farnesene 0.0104A 
0.00606A
B 
0.00205C 0.00769AB 0.00468BC 
nerolidol 0.0134A 
0.00734A
B 
0.000664D 0.00526BC 0.00300C 
      
      
nor-isoprenoids      
vitispirane 1 0.00181AB 0.00892A 0.000213B 0.00251AB 0.002225AB 
riesling acetal 0.00197C 0.0117A 0.000797D 0.00383B 0.00214C 
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 geometric means (n = 3) 
    
Whole 
berry 
Whole berry 
Compound Flesh Skin Seed (crushed) 
(homogenised
) 
1,1,6-trimethyl-1,2-
dihydronaphthalene 
0.00280A 0.00233A NDB 0.00224A 0.00163A 
β-damascenone 0.0667A 0.0927A 0.00600B 0.0626A 0.0520A 
      
      
aromatics      
benzaldehyde 0.0150B 0.0277B 0.0838A 0.0236B 0.0219B 
benzyl alcohol 0.00148C 0.0164A 0.0106A 0.00328B 0.00382B 
(p)-vinylguaiacol 0.00364A 0.00197A 0.000129B 0.00054AB 0.00117AB 
 
2.3.1.2.1.3. Principal component analysis (PCA) of the volatile profiles obtained from 
the Riesling wines made from berry tissues 
To better visualise relationships between the berry tissues used in the fermentations 
and the volatile compounds found in the headspace of the wines, PCA was carried out 
on compounds that were found to be significantly different amongst the wines by the 
ANOVA. The first two principal components were able to explain a combined 86.84 % 
of the total variance, with PC-1 explaining 52.40 %, and PC-2 explaining 34.45 %. The 
next two principal components explained 7.38 % (PC-3) and 5.78 % (PC-4) of the total 
variance respectively, and were therefore not considered to be of great importance to 
understanding the relationship between the samples. A projection of volatile 
components onto the factor space of the first two principal components is shown in 
Figure 7. The abbreviations used in the PCA figures in this chapter are tabulated with 
their compound names in Table 11. 
Wines made with seed tissue had high positive PC-1 scores and are located on the 
extreme right-hand side of the biplot (Figure 7). Compounds with high positive PC-1 
loadings were methyl ketones (2-heptanone and 2-nonanone), ethyl esters (ethyl 
butanoate, ethyl hexanoate, ethyl octanoate, ethyl nonanoate, ethyl decanoate, ethyl 9-
decenoate, ethyl dodecanoate, ethyl tetradecanoate, and ethyl 2-butenoate), phenylethyl 
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acetate, isoamyl esters (3-methylbutyl acetate, 3-methylbutyl hexanoate and 3-
methylbutyl octanoate), hexanal, butanediols (rac-2,3-butanediol and meso-2,3-
butanediol), other esters (butyl acetate and heptyl acetate), and benzaldehyde. 
Wines made with skin tissue had high negative PC-1 scores and high positive PC-2 
scores. As such, they are found in the upper left had side of the bi-plot (Figure 7). 
Compounds with high negative PC-1 loadings were some nor-isoprenoids (TDN, β-
damascenone), nerol oxide, ethyl 3-hydroxytridecanoate, 2-methylpropanol, and ethyl 
2-furoate. Compounds with high positive PC-2 loadings (p-value<0.05) were (Z)-3-
hexenol, octanol, amyl alcohol (2- and 3-methylbutanol), limonene, ethyl phenylacetate, 
methyl decanoate, diethyl succinate, and ethyl (E)-3-hexenoate. As a group, the 
monoterpenes stand out in this analysis as they have both high negative PC-1 and 
positive PC-2 loadings and are most associated with the wines produced from skins. 
The same is true for the C6 alcohols; hexanol, (E)-3-hexenol and (Z)-3-hexenol. 
Similarly, skin wines associated with the nor-isoprenoids; vitispirane 1 and Riesling 
acetal, and additionally associated with nonanol and decanol (Figure 7).  
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Table 11: Abbreviations used in the PCA figures for compound names in this chapter 
Abbreviation Compound name 
"(E)2heptal"  (E)-2-heptenal 
"(E)-3-hexenol"  (E)-3-hexenol 
"(E)-octal"   (E)-2-octenal 
"(p)-cym"   (p)-cymene 
"(p)vgcol"   (p)-vinylguaiacol 
"(Z)3hexen ac"   (Z)-3-hexenyl acetate 
"(Z)-3-hexenol"   (Z)-3-hexenol 
"1octen3ol"   1-octen-3-ol 
"2/3-mbol"   2-methylbutanol/3-methylbutanol 
"2ethex ac"   2-ethylhexyl acetate 
"2-heptol"   2-heptanol 
"2-hptone"   2-heptanone 
"2-mp ac"   2-methylpropyl acetate 
"2mp acid"   2-methylpropanoic acid 
"2-mp oct"   2-methylpropyl octanoate 
"2mpol"   2-methylpropanol 
"2-nnol"   2-nonanol 
"2-nnone"   2-nonanone 
"2-trdcone"   2-tridecanone 
"2-udcone"   2-undecanone 
"3(mt)pol"   3-(methylthio)propanol 
"3-etoxprop"   3-ethoxypropanol 
"3mb ac"   3-methylbutyl acetate 
"3mb ddec" or "3mb dodec"   3-methylbutyl dodecanoate 
"3mb dec"   3-methylbutyl decanoate 
"3mb hex"   3-methylbutyl hexanoate 
"3mb oct"   3-methylbutyl octanoate 
"3-octone"   3-octanone 
"3OH2butone"   3-hydroxy-2-butanone 
"ac acid"   acetic acid 
"a-farne iso"   α-farnesene isomer 
"a-farne"   α-farnesene 
"a-terp et eth"   α-terpinyl ethyl ether 
"a-terpineol" or "a-terpol"   α-terpineol 
"a-terpne"   α-terpinene 
"B-citrnlol"   β-citronellol 
"B-dmscone"   β-damascenone 
"B-farne"   β-farnesene 
"but ac"   butyl acetate 
"but acid"   butanoic acid 
"butol"   butanol 
"bzalde"   benzaldehyde 
"bzol"   benzyl alcohol 
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Abbreviation Compound name 
"bzphene"   benzophenone 
"cadalene"   cadalene 
"ddcol"   dodecanol 
"dec acid"   decanoic acid 
"decol"   decanol 
"diet succ"   diethyl succinate 
"et (E)3hexet"   ethyl (E)-3-hexenoate 
"et 2bute"   ethyl 2-butenoate 
"et 2-fur"   ethyl 2-furoate 
"et 2mp"   ethyl 2-methylpropanoate 
"et 3(mt)prop"   ethyl 3-(methylthio)propanoate 
"et 3mb"   ethyl 3-methylbutanoate 
"et 3OHtrdec"   ethyl 3-hydroxytridecanoate 
"et 9dece"   ethyl 9-decenoate 
"et 9hxdc"   ethyl 9-hexadecenoate 
"et ac"   ethyl acetate 
"et but"   ethyl butanoate 
"et ddec" or "et dodec"   ethyl dodecanoate 
"et dec"   ethyl decanoate 
"et hex"   ethyl hexanoate 
"et hexdec"   ethyl hexadecanoate 
"et hpt"   ethyl heptanoate 
"et non"   ethyl nonanoate 
"et oct"   ethyl octanoate 
"et pentdec"   ethyl pentadecanoate 
"et phenac"   ethyl phenylacetate 
"et prop"   ethyl propanoate 
"et tetdec"   ethyl tetradecanoate 
"et udec"   ethyl undecanoate 
"ger ac"   geranyl acetate 
"ger et eth"   geranyl ethyl ether 
"geraniol"   geraniol 
"hept ac" or "hpt ac"   heptyl acetate 
"heptol"   heptanol 
"hex ac"   hexyl acetate 
"hex acid"   hexanoic acid 
"hexal"   hexanal 
"hexol"   hexanol 
"hotrienol"   hotrienol 
"limonene"   limonene 
"lin et eth"   linalyl ethyl ether 
"linalool"   linalool 
"m-2,3-bdiol"   meso-2,3-butanediol 
"me dec"   methyl decanoate 
"me hex"   methyl hexanoate 
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Abbreviation Compound name 
"me oct"   methyl octanoate 
"myrcene"   myrcene 
"ner ox"   nerol oxide 
"ner prop"   neryl propanoate 
"nerol"   nerol 
"nerolidol"   nerolidol 
"non acid"   nonanoic acid 
"nonol"   nonanol 
"ocimene"   ocimene 
"oct acid"   octanoic acid 
"octol"   octanol 
"pent ac"   pentyl acetate 
"phenet ac"   phenylethyl acetate 
"phenet but"   2-phenylethyl butanoate 
"phenet oct"   2-phenylethyl octanoate 
"phenetol"   2-phenylethanol 
"phenol"   phenol 
"prop ac"   propyl acetate 
"prop hex"   propyl hexanoate 
"propol"   propanol 
"r-2,3-bdiol"   rac-2,3-butanediol 
"Ries acet"   riesling acetal 
"TDN"   1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) 
"terpolene"   terpinolene 
"vitspir 1"   vitispirane 1 
"y-nnlact"   γ-nonalactone 
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Figure 7: PCA bi-plot EW Riesling wines and grape influenced aroma compounds. Abbreviations 
used in this figure are tabulated with their compound names in Table 11  
2.3.1.2.2. Cabernet Sauvignon 
The volatile compound composition of the Cabernet Sauvignon model wines was 
analysed using HS-SPME-GCMS. A target list of 115 compounds that changed with 
increasing percentage of Cabernet Sauvignon grape juice in fermentations of model 
must, as described in by Keyzers and co-workers (Keyzers and Boss, 2010), was used to 
focus on volatile compounds influenced by grape composition. Of the 115 compounds, 
89 were detected in this experiment, although 2-methylbutanol and 3-methylbutanol 
could not be chromatographically resolved, so were analysed as a single analyte. The 26 
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compounds that were not detected are listed in Table 12. A total of 24 compounds 
(including both 2-methylbutanol and 3-methylbutanol) showed no significant difference 
in concentration between treatments (Table 13), whereas 66 compounds significantly 
differed in abundance between the treatments (Table 14).  
Table 12: Grape influenced aroma compounds that were not detected in EW Cabernet Sauvignon 
wines. 
Target compounds not detected   
aliphatics  carboxylic acids 
2-pentadecanone  2-ethylhexanoic acid 
2-undecanol  9-decenoic acid 
pentanol  dodecanoic acid 
   
esters  terpenoids 
2-heptyl acetate  2,3-dihydrofarnesol 
2-methylpentyl acetate  farnesol 
3-(methylthio)propyl acetate  farnesyl acetate 
9-decenyl acetate  β-citronellyl acetate 
benzyl acetate   
decyl acetate  aromatics 
ethyl (E)-2-hexenoate  (p)-vinylguaiacol 
ethyl (Z)-9-octadecenoate   
ethyl 3-(methylthio)propanoate  other 
ethyl octadecanoate  2-methyldihydro-3(2H)-thiophenone 
ethyl (E)-3-hexenoate   
ethyl undecanoate   
octyl acetate   
propyl octanoate   
 
Table 13: Grape influenced aroma compounds that were not significantly different between EW 
Cabernet Sauvignon wines. 
class   
compound   
aliphatics  carboxylic acids 
propanol  heptanoic acid 
2-heptanone  decanoic acid 
2-methylbutanol/3-methylbutanol   
2-heptanol  terpenoids 
rac-2,3-butanediol  linalool 
meso-2,3-butanediol   
dodecanol  aromatics 
  benzophenone 
esters  benzothiazole 
3-methylbutyl butanoate   
(Z)-3-hexenyl acetate   
propyl hexanoate   
ethyl heptanoate   
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class   
compound   
heptyl acetate   
ethyl nonanoate   
methyl decanoate   
methyl dodecanoate   
ethyl 4-hydroxybutanoate   
2.3.1.2.2.1. Most compounds did not significantly differ in concentration between 
homogenised and crushed ‘whole berry’ wines. 
There were 16 compounds whose concentrations significantly differed between 
homogenised and crushed ‘whole berry’ wines, and 73 which were not significantly 
different in concentration between homogenised and crushed ‘whole berry’ wines. 
There were four compounds that were higher in concentration in crushed ‘whole berry’ 
wines than in homogenised ‘whole berry’ wines; benzyl alcohol, nerolidol, β-citronellol 
and β-farnesene. Homogenised ‘whole berry’ wines had higher abundance of 12 
compounds than crushed ‘whole berry’ wines; 2-phenylethanol, butanoic acid, 2-
phenylethyl octanoate, ethyl 9-hexdecenoate, ethyl dodecanoate, ethyl tetradecanoate, 
ethyl hexadecanoate, 3-methylbutyl octanoate, 3-methybutyl decanoate, 3-methylbutyl 
dodecanoate, hexanol and heptanol. 
2.3.1.2.2.2. Differences in tissue influenced volatile compounds 
When comparing the headspace volatile profiles from the wines produced using 
either the flesh or seeds of Cabernet Sauvignon grapes (Table 13 and Table 14), there 
were similar numbers of compounds that were either in higher concentration in the 
seed-derived wines (30), the flesh-derived wines (27), or not significantly different 
between the two (32). Compounds that were generally higher concentrated in wines 
made from flesh than from seeds were the methionine catabolites, hexanol, hexyl 
acetate, terpenoids and norisoprenoids. Seed derived wines generally contained 
significantly higher concentrations of ethyl esters of fatty acids, amyl esters, aromatic 
esters, and fatty acids than flesh derived wines. 
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There were 26 compounds that were more concentrated in skin-derived wines than 
in seed-derived wines, and 40 compounds that did not significantly differ when 
comparing skin- and seed-derived wines. Terpenoids and norisoprenoids as well C6 
alcohols were notably more concentrated in skin-derived wines than in seed-derived 
wines. Seed-derived wines had greater concentrations of 23 compounds than wines 
made from skins, primarily the ethyl esters of fatty acids, amyl esters, aromatic esters, 
and fatty acids. 
Only three compounds were more concentrated in wines made from flesh than in 
wines made from skins, specifically; phenylethyl acetate, ethyl hexadecanoate and 
propyl acetate. A total of 68 compounds did not significantly differ when comparing 
flesh-derived wines to wines made from skins. There were 12 compounds that were 
more highly concentrated in wines made from skins than in wines made from flesh, 
chiefly monoterpenoids and C6 alcohols.  
Table 14: Grape influenced aroma compounds that were significantly different between EW 
Cabernet Sauvignon wines. The geometric means reported are the peak area of the quantifier ion 
for that compound divided by the peak area of the quantifier ion for the relevant internal standard. 
Statistical similarity between means is indicated by values with the same letter in superscript 
(Tukey post-hoc). 
 geometric means (n=3) 
    
Whole 
berry Whole berry 
Compound Flesh Skin Seed (crushed) 
(homogenised
) 
aliphatics      
2-nonanone 0.251A 0.242AB 0.153B 0.157AB 0.173AB 
2-undecanone 0.0333A 0.0319A 0.0296AB 0.0178B 0.0271AB 
      
butanol 0.0585B 0.123A 0.0583B 0.0391BC 0.0353C 
heptanol 0.0584B 0.120A 0.102A 0.0427C 0.0623B 
2-nonanol 0.0606AB 0.0702A 0.0353C 0.0639AB 0.0545B 
octanol 0.0373B 0.0589A 0.044B 0.0382B 0.0431B 
decanol 0.0144A 0.0168A 0.00493B 0.0151A 0.0148A 
      
3-hydroxy-2-
butanone 0.0266A 0.0194AB 0.00100B 0.0114AB 0.00393AB 
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 geometric means (n=3) 
    
Whole 
berry Whole berry 
Compound Flesh Skin Seed (crushed) 
(homogenised
) 
(E)-2-heptenal 
0.0000564
D 0.00811AB 0.0506A 
0.000401C
D 0.00356BC 
2-methylpropanol 0.168AB 0.207A 0.0817B 0.164AB 0.107AB 
1-octen-3-ol 0.0398B 0.0404B 0.214A 0.0288B 0.0274B 
3-octanone 0.0101A 0.00897A 0.00278B 0.0109A 0.0112A 
3-ethoxypropanol 0.0544A 0.0412AB 0.0742A 0.0401AB 0.0257B 
      
3-
(methylthio)propano
l 0.159A 0.168A 0.0023C 0.0631B 0.0747B 
      
hexanol 1.11C 2.87A 0.473D 0.988C 1.41B 
(E)-3-hexenol 0.012AB 0.0367A 0.00254B 0.0096AB 0.0039AB 
(Z)-3-hexenol 0.00138B 0.0162A 0.00429AB 0.00318AB 0.00183B 
hexanal 0.00235BC 0.00385AB 0.00446A 0.0016C 0.00258BC 
      
      
esters      
hexyl acetate 0.0108A 0.0112A 0.00168B 0.00733A 0.0104A 
      
ethyl acetate 1.35B 1.27B 2.76A 1.45B 1.31B 
ethyl propanoate 0.0359A 0.0288AB 0.0186B 0.028AB 0.0243AB 
ethyl butanoate 0.298B 0.330B 0.669A 0.402AB 0.349B 
ethyl 2-butenoate 0.0106C 0.0156B 0.0258A 0.0207A 0.021A 
ethyl hexanoate 3.94B 4.35B 10.2A 4.67B 4.41B 
ethyl octanoate 4.12B 4.40B 13.0A 4.99B 4.97B 
ethyl decanoate 1.23BC 0.874C 6.69A 1.09BC 1.39B 
ethyl 9-decenoate 0.126A 0.0933AB 0.0792B 0.0994AB 0.115A 
ethyl dodecanoate 0.160C 0.144C 1.60A 0.11C 0.445B 
ethyl 
tetradecanoate 0.00921B 0.0071B 0.0783A 0.006B 0.0286A 
ethyl 
pentadecanoate 0.00274A 0.00206AB 0.00108B 0.00293A 0.00345A 
ethyl 
hexadecanoate 0.0128B 0.00725C 0.0359A 0.00392D 0.0374A 
ethyl 9-
hexadecenoate 0.00195AB 
0.000749B
C 0.00228AB 0.000346C 0.0047A 
      
3-methylbutyl 
acetate 2.32B 2.33B 8.64A 2.83B 2.41B 
3-methylbutyl 
octanoate 0.00372CD 0.00426C 0.0382A 0.00266D 0.0069B 
3-methylbutyl 
decanoate 0.0358B 0.0345B 0.0916A 0.0298B 0.0928A 
3-methylbutyl 
dodecanoate 0.00336B 0.00267B 0.00502AB 0.00176B 0.0154A 
      
propyl acetate 0.0215B 0.011C 0.0397A 0.00981C 0.00889C 
2-methylpropyl 
acetate 0.0189B 0.0204B 0.0587A 0.0235B 0.0198B 
butyl acetate 0.00222B 0.00373B 0.00982A 0.00344B 0.00245B 
pentyl acetate 0.0376A 0.0102AB 0.000723B 0.0296A 0.00393AB 
2-ethylhexyl acetate ndB ndB 0.00154A ndB ndB 
      
ethyl phenylacetate 0.0663A 0.0748A 0.0157C 0.0338B 0.0389B 
phenylethyl acetate 1.23B 0.483D 3.33A 0.831C 0.859C 
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 geometric means (n=3) 
    
Whole 
berry Whole berry 
Compound Flesh Skin Seed (crushed) 
(homogenised
) 
2-phenylethyl 
octanoate 0.00244C 0.00206C 0.00815A 0.00171C 0.00446B 
      
ethyl 2-
methylpropanoate 0.00719A 0.00519AB 0.00176C 0.00496AB 0.00422B 
2-methylpropyl 
octanoate 0.000512B 0.000476B 0.00674A 0.000612B 0.000931B 
ethyl 2-furoate 0.00732A 0.00858A 0.000600B 0.00502A 0.00585A 
ethyl 3-
methylbutanoate 0.0249A 0.0193AB 0.00670C 0.0136B 0.017B 
diethyl succinate 0.160AB 0.181A 0.0884C 0.13B 0.135B 
      
      
carboxylic acids      
acetic acid 0.515B 0.474B 2.38A 0.369B 0.481B 
butanoic acid 0.0580C 0.0801B 0.202A 0.0551C 0.0825B 
hexanoic acid 0.883B 1.08B 1.50A 0.986B 0.959B 
octanoic acid 1.01A 0.828A 0.252B 1.00A 1.17A 
2-methylpropanoic 
acid 0.0498BC 0.0672AB 0.0803A 0.0414C 0.0596ABC 
      
      
terpenoids      
neryl propanoate 0.0105A 0.00801AB 0.00676B 0.00862AB 0.00961A 
geranyl acetate 0.0149A 0.0151A 0.0052B 0.0153A 0.0126A 
β-citronellol 0.0322B 0.0415A 0.00852D 0.0304B 0.026C 
nerol 0.00105AB 0.0016A 0.000186C 0.000565B 0.000969AB 
geraniol 0.0152A 0.015A 0.00476B 0.0117A 0.0139A 
      
α-farnesene isomer 0.000878A 0.000961A ndC 0.00162A 0.000297B 
β-farnesene 0.0025A 0.00242A 0.00266A 0.00312A 0.00123B 
nerolidol 0.0107A 0.0109A 0.000352C 0.0128A 0.00568B 
cadalene 0.000258A 0.000722A 
0.0000624
B 0.00051A 0.000489A 
      
      
nor-isoprenoids      
β-damascenone 0.0768A 0.0820A 0.00155B 0.0743A 0.0403A 
      
      
aromatics      
phenol 0.00540A 0.00524A 0.00461A 0.00345B 0.00414AB 
benzyl alcohol 0.00361E 0.0214A 0.00945B 0.00709C 0.00534D 
2-phenylethanol 29.5B 34.6A 18.9C 16.1D 20.8C 
      
benzaldehyde 0.0439B 0.111A 0.113A 0.0394B 0.0551B 
2.3.1.2.2.3. Principal component analysis (PCA) of the volatile profiles obtained from 
the Cabernet Sauvignon wines made from berry tissues 
To better visualise relationships between the berry tissues used in the fermentations 
and the volatile compounds found in the headspace of the wines, PCA was carried out 
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on compounds that were found to be significantly different amongst the wines by the 
ANOVA. The first two principal components were able to explain a combined 82.36 % 
of the total variance, with PC-1 explaining 64.04 %, and PC-2 explaining 18.32 %. The 
next two principal components explained 9.81 % (PC-3) and 7.83 % (PC-4) of the total 
variance respectively, and were therefore not considered to be of great importance to 
understanding the relationship between the samples. A projection of volatile 
components onto the factor space of the first two principal components is shown in 
Figure 8.  
Wines made with seed tissue had high positive PC-1 scores and are located on the 
extreme right-hand side of the biplot (Figure 8). Compounds with high positive PC-1 
loadings were ethyl esters (ethyl acetate, ethyl butanoate, ethyl hexanoate, ethyl 
octanoate, ethyl decanoate, ethyl dodecanoate, and ethyl tetradecanoate), phenylethyl 
esters (2-phenylethyl acetate and 2-phenylethyl octanoate), isoamyl esters (3-
methylbutyl acetate and 3-methylbutyl octanoate), carboxylic acids (acetic acid, 
butanoic acid, and hexanoic acid), butanediols (rac-2,3-butanediol and meso-2,3-
butanediol), other esters (butyl acetate, 2-methylpropyl acetate, 2-methylpropyl 
octanoate, 2-ethylhexyl acetate), (E)-2-heptenal, and 1-octen-3-ol. 
Wines made with skin tissue had high negative PC-1 scores and high positive PC-2 
scores. As such, they are found in the upper left had side of the bi-plot (Figure 8). 
Compounds with high negative PC-1 loadings (p-value<0.05) were β-damascenone, 
monoterpenoids (geraniol, geranyl acetate, β-citronellol), decanol, 2-nonanol, 3-
octanone, diethyl succinate, ethyl 2-furoate, ethyl 2-methylpropanoate, hexyl acetate, 
and nerolidol. Compounds with high positive PC-2 loadings (p-value<0.05) were (Z)-3-
hexenol butanol, heptanol, and benzyl alcohol. As a group, the monoterpenes stand out 
in this analysis as they have both high negative PC-1 and positive PC-2 loadings and are 
most associated with the wines produced from skins. The same is true for the C6 
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alcohols hexanol, (E)-3-hexenol and (Z)-3-hexenol, and the nor-isoprenoids vitispirane 
1 and Riesling acetal as well as nonanol and decanol (Figure 8). 
Wines made with flesh had high negative PC-2 scores. 
 
Figure 8: PCA bi-plot EW Cabernet Sauvignon wines and grape influenced aroma compounds. 
Abbreviations used in this figure are tabulated with their compound names in Table 11. 
2.3.2. Experiment 2- GP grape berry tissues used in model fermentation 
The first experiment, outlined above, aimed to determine the potential for particular 
grape tissues to produce certain wine volatile compounds when added to model must. 
As such, each tissue was added to the model must in equal proportions. This led to some 
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interesting overall findings, for example, only three compounds from each variety were 
more concentrated in wines made from flesh than wines made from seeds (Table 10 and 
Table 14). However, grape berry flesh tissue will provide much more tissue by weight 
in a normal fermentation (Table 5). For example, given 25 grams of Cabernet 
Sauvignon berries, the tissues would be separated, giving 17.1 grams of flesh, 6.1 grams 
of skin, and 1.8 grams of seed. In order to understand the overall contribution that 
tissues might make to wine aroma, a second experiment was conducted to show the 
weight-dependent contribution of volatile-producing factors that each tissue provides in 
a normal fermentation.  
2.3.2.1. Fermentation of separated grape tissues 
2.3.2.1.1. Riesling 
Once the model grape juice musts, supplemented with either individual Riesling 
tissues or whole berries, were inoculated, fermentation took 12 days to reach dryness. 
Dryness was indicated by a cessation of mass loss (Figure 9). The final percentage 
weights were not significantly different between the tissue and ‘whole berry’ 
fermentations (p-value=0.0633). 
Inoculating model grape juice must without grape tissue could not be used as a 
control, as fermentation did not occur, indicating that grape tissues supplied some 
nutrient required for yeast viability. Because of this, whole grape berries were 
supplemented with model grape juice must, and used as a control in these experiments.  
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Figure 9: Weight loss during fermentation of GP Riesling tissues or berries. Loss data are shown as 
% of weight relative to the mass of the initial fermentation volume ± standard deviation (n=3). 
Alcohol percentages of the final wines ranged from 9.8 to 11.02 % (v/v) and means 
are shown with standard deviations in Table 15. There were no significant differences 
(Pr >F, p-value: 0.310) in the means of alcohol percentage between the fermentations of 
different tissues supplemented with model grape juice must. This indicates that the 
calculations used for supplementing of Riesling tissues with sugar, by adding model 
grape juice must, succeeded in producing model wines that had similar alcohol 
percentages. 
Table 15: Percentage alcohol concentration of GP Riesling wines 
 Flesh Skin Seed Crushed 
whole berry 
Homogenized 
whole berry 
Alcohol (% v/v ± std dev, 
n=3) 
10.1 ± 0.3 9.2± 0.1 9.8 ± 1.0 10.4 ± 0.1 10.4 ± 0.1 
2.3.2.1.2. Cabernet Sauvignon 
After model grape juice musts, supplemented with either individual Cabernet 
Sauvignon tissues or whole berries, were inoculated, fermentation took 12 days to reach 
dryness, which was marked by a cessation of weight loss (Figure 10). Flesh 
fermentations lost significantly less weight than seed, skin and crushed ‘whole berry’ 
fermentations. Homogenised ‘whole berry’ fermentations lost significantly less weight 
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than seed and crushed ‘whole berry’ fermentations. Seed fermentations appear to have 
finished fermentations after 10 days. 
 
Figure 10: Weight loss during fermentation of GP Cabernet Sauvignon tissues or berries. Loss data 
are shown as % of weight relative to the mass of the initial fermentation volume ± standard 
deviation (n=3). 
Alcohol percentages of the final wines ranged from 10.9 to 11.7 % (v/v) and 
averages are shown in Table 16. There were no significant differences (Pr >F, p-value: 
0.179) in the means of alcohol percentage between the fermentations of different tissues 
supplemented with model grape juice must. This indicates that the calculations used for 
supplementing of Cabernet Sauvignon tissues with sugar, by adding model grape juice 
must, successfully produced wines that had similar alcohol percentages. 
Table 16: Percentage alcohol concentration of GP Cabernet Sauvignon wines 
 Flesh Skin Seed Crushed 
whole berry 
Homogenized 
whole berry 
Alcohol (% v/v ± std dev, 
n=3) 
11.5 ± 0.1 11.8± 0.2 11.5 ± 0.2 11.7 ± 0.3 11.5 ± 0.1 
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2.3.2.2. Semi-quantitative analysis of volatile compounds in the headspace of 
GP wines 
2.3.2.2.1. Riesling 
The model wines, produced by supplementation of model must with individual 
grape berry tissues or whole berries and the subsequent fermentation of these mixtures, 
were analysed for their volatile compound composition. The complexity of the 
chromatograms meant that a target list of compounds was chosen for quantification, 
based on compounds identified as being grape influenced in a previous study (Keyzers 
and Boss, 2010).  
Table 17: Grape influenced aroma compounds that were not detected in GP Riesling wines 
Target compounds not detected   
aliphatics  esters 
(E)-2-nonenal  3-(methylthio)propyl acetate 
2-pentadecanone  3-methylbutyl decanoate 
2-undecanol  ethyl (Z)-9-octadecenoate 
  ethyl heptanoate 
terpenoids  ethyl octadecanoate 
α-farnesene  octyl acetate 
  pentyl acetate 
 
The list contained 101 Riesling target compounds, and 90 of these were detected in 
the headspace of the wines produced in this experiment. The 11 compounds that were 
not detected are listed in Table 17. Amongst the detected compounds, there were 21 
compounds that were not significantly different in abundance between the treatments 
(Table 18) and 68 compounds that were found to be significantly different (p<0.05) in 
concentration amongst the wines (Table 19). 
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Table 18: Grape influenced aroma compounds that were not significantly different between GP 
Riesling wines 
class   
compound   
aliphatics  carboxylic acids 
meso-2,3-butanediol  acetic acid 
2-tridecanone 
butanol 
 
dodecanoic acid 
   
esters  terpenoids 
ethyl butanoate  myrcene 
ethyl 3-methylbutanoate  geranyl acetate 
butyl acetate   
3-methylbutyl acetate  nor-isoprenoids 
methyl hexanoate  vitispirane 2 
ethyl hexanoate   
ethyl nonanoate  aromatics 
γ-butyrolactone  benzyl alcohol 
3-methylbutyl octanoate  2-phenylethanol 
ethyl 9-decenoate   
ethyl undecanoate   
ethyl pentadecanoate   
2.3.2.2.1.1. Overall comparison of the volatile composition of the wines from the 
experimental wines.  
Only one compound differed between homogenised and crushed ‘whole berry’ 
wines, while 88 compounds were the same regardless of whether ‘whole berry’ tissue 
was homogenised or not prior to fermentation. The compound that differed was β-
damascenone and it was found in higher concentrations in the crushed ‘whole berry’ 
wines compared to homogenised ‘whole berry’ wines.  
There were 33 compounds that were significantly more concentrated in wines made 
from flesh than in wines made from skins and 49 compounds that were not significantly 
different (p>0.05) when comparing flesh-derived wines to skin-derived wines (Table 18 
and Table 19). There were eight compounds that were more concentrated in skin-
derived wines than in flesh-derived wines. These compounds were 3-ethoxypropanol, 
hexanol, (Z)-3-hexenol, ethyl acetate, ethyl (E)-3-hexenoate, heptyl acetate, α-terpinene 
and β-damascenone. 
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A total of 50 compounds were significantly more concentrated in wines made from 
flesh than in wines made from seeds (Table 19). There were 36 compounds that were 
not significantly different when flesh-derived wines were compared to wines made from 
seeds and four compounds that were more concentrated in wines made from seeds than 
in wines made from flesh. The compounds that were higher in seed-derived wines than 
in flesh-derived wines were 3-ethoxypropanol, ethyl acetate, heptyl acetate and 
benzaldehyde.  
Fifty-four compounds were not significantly different (p>0.05) when comparing 
skin-derived wines to seed-derived wines. Wines made from the fermentation of model 
must supplemented by skin tissue had a higher concentration of 29 compounds than 
wines made from seeds (Table 19). Wines made from seeds had higher concentrations 
than wines made from skins for six compounds: (E)-2-octenal, rac-2,3-butanediol, 
phenylethyl acetate, heptyl acetate, benzaldehyde and 3-ethoxypropanol. 
When comparing wines made from crushed whole berries to wines made from 
individual tissues it was found that the crushed ‘whole berry’ wines had higher 
concentrations of; 27 compounds than wines made from skins, 52 compounds than 
wines made from seeds, and 7 compounds than wines made from flesh (Table 19). For 
the same comparisons with the wines made from crushed whole berries there was no 
significant difference in the concentrations of: 58 compounds for the flesh-derived 
wines, 58 compounds for the skin-derived wines, and 37 compounds for the seed-
derived wines. Two compounds, ethyl hexadecanoate and (p)-vinylguaiacol, were more 
concentrated in flesh-derived wines than in crushed ‘whole berry’ wines. There were 
five compounds that were more concentrated in skin-derived wines than in wines made 
from crushed whole berries: ethyl acetate, heptyl acetate, β-damascenone, (p)-
vinylguaiacol and 3-ethoxypropanol. Two compounds were more highly concentrated in 
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wines made from seeds than in wines made from crushed whole berries: ethyl acetate 
and heptyl acetate. 
Wines made from homogenised whole berries were also compared to wines made 
from individual tissues and did not significantly differ in the concentrations of: 73 
compounds when compared to flesh-derived wines, 54 compounds when compared to 
skin-derived wines, and 45 compounds when compared to seed-derived wines. The 
homogenised ‘whole berry’ wines had higher concentrations of: nine compounds 
compared to flesh-derived wines, 31 compounds compared to skin-derived wines and 
41 compounds compared to seed-derived wines. The nine compounds that were more 
highly concentrated in homogenised ‘whole berry’ wines than in flesh-derived wines 
were: 2-heptanone, 2-nonanol, linalool, benzaldehyde, hexanoic acid and four C6-
compounds (hexanol, (E)-3-hexenol, (Z)-3-hexenol and (Z)-3-hexenyl acetate). Flesh-
derived wines had higher concentrations of eight compounds than wines made from 
homogenised whole berries, namely, (E)-2-octenal, ethyl 3-(methylthio)propanoate, 
ethyl tetradecanoate, ethyl hexadecanoate, methyl decanoate, β-damascenone, β-
farnesene and (p)-vinylguaiacol. There were five compounds that were more highly 
concentrated in wines made from skins than wines made from homogenised whole 
berries: 3-ethoxypropanol, ethyl acetate, heptyl acetate, β-damascenone and (p)-
vinylguaiacol, and three compounds were more concentrated in seed-derived wines than 
in wines made from homogenised whole berries: 3-ethoxypropanol, ethyl acetate and 2-
methylpropyl acetate. 
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Table 19: Grape influenced aroma compounds that were significantly different between GP 
Riesling wines. The geometric means reported are the ratio of peak areas of the analyte and 
internal standard quantifier ions. Statistical similarity between means is indicated by values with 
the same letter in superscript (Tukey post-hoc). 
 geometric means (n=3) 
    Whole berry Whole berry 
Compound Flesh Skin Seed (crushed) (homogenised) 
aliphatics      
2-heptanone 0.0363B 0.0356B 0.0566AB 0.0818A 0.0665A 
2-nonanone 0.126A 0.0267C 0.049BC 0.0974AB 0.107A 
2-undecanone 0.0203A 0.00423C 0.00652BC 0.0110AB 0.0144AB 
      
2-nonanol 0.0175B 0.0063C 0.00476C 0.0294AB 0.0334A 
octanol 0.0328A 0.0138B 0.00871C 0.0380A 0.0432A 
nonanol 0.0274A 0.0115B 0.00396C 0.0425A 0.0435A 
decanol 0.0107A 0.00328B 0.00217B 0.0108A 0.00904A 
dodecanol 0.0105A 0.0029AB 0.000396B 0.00913A 0.00576A 
      
2-methylpropanol 0.115A 0.0681BC 0.06C 0.0870AB 0.0901AB 
2-methylbutanol/3-
methylbutanol 10.0A 4.64B 3.92B 10.0A 10.8A 
rac-2,3-butanediol 0.043AB 0.0226B 0.0951A 0.0560AB 0.0755A 
3-ethoxypropanol 0.0275C 0.0892B 0.21A 0.0298C 0.0351C 
(E)-2-octenal 0.00764A NDD 0.00111C 0.00323AB 0.00302B 
      
3-(methylthio)propanol 0.048A 0.000296BC 0.000102C 0.0178A 0.00491AB 
      
hexanol 1.16B 2.03A 0.177C 2.30A 3.10A 
(E)-3-hexenol 0.0127B 0.0104B 0.000755C 0.0185AB 0.0333A 
(Z)-3-hexenol 0.00294B 0.0181A 0.00149C 0.0129A 0.0155A 
hexanal 0.00308AB 0.00309AB 0.00136B 0.00648A 0.00484AB 
      
      
esters      
hexyl acetate 0.0106A 0.00758A 0.00308B 0.0155A 0.0114A 
(Z)-3-hexenyl acetate 0.00631B 0.00411B 0.00109C 0.0122A 0.0126A 
ethyl (E)-3-hexenoate 0.00267BC 0.00613A 0.00234C 0.00446AB 0.00361ABC 
      
ethyl 3-
(methylthio)propanoate 0.00411A 0.000266C NDD 0.00207AB 0.00100B 
      
ethyl acetate 1.13B 2.98A 3.64A 0.947B 0.597B 
ethyl 2-butenoate 0.0128A 0.0021B 0.00385B 0.0238A 0.0164A 
ethyl octanoate 9.03A 3.4C 3.82BC 7.14AB 5.01ABC 
ethyl decanoate 2.82A 0.51C 0.96BC 2.26A 1.90AB 
ethyl dodecanoate 0.185A 0.0507B 0.134AB 0.152AB 0.117AB 
ethyl tetradecanoate 0.0094A 0.00259C 0.00253C 0.00540AB 0.00447BC 
ethyl 3-hydroxytridecanoate 0.0267A 0.0116AB 0.00326B 0.0258A 0.0165A 
ethyl hexadecanoate 0.00581A 0.000193C 0.000451BC 0.000429BC 0.000764B 
      
methyl octanoate 0.0494A 0.0107BC 0.00858C 0.0284AB 0.0216ABC 
methyl decanoate 0.0187A 0.00389C 0.00395C 0.00975AB 0.00759BC 
      
ethyl phenylacetate 0.0303A 0.00602B 0.0154AB 0.0227A 0.0208A 
phenylethyl acetate 0.854A 0.137B 0.544A 1.08A 0.731A 
2-phenylethyl butanoate 0.00444AB 0.00174C 0.0021BC 0.00604A 0.00461AB 
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 geometric means (n=3) 
    Whole berry Whole berry 
Compound Flesh Skin Seed (crushed) (homogenised) 
      
2-methylpropyl acetate 0.0308AB 0.0322AB 0.0490A 0.0206AB 0.0124B 
heptyl acetate 0.00438C 0.0255B 0.0724A 0.00515C 0.00487C 
ethyl 2-furoate 0.0116A 0.00437B 0.000751C 0.0140A 0.0102AB 
diethyl succinate 0.0599A 0.0110B 0.0150B 0.0862A 0.0584A 
γ-nonalactone 0.0113A 0.00913A 0.00335B 0.00639AB 0.00585AB 
3-methylbutyl hexanoate 0.0304A 0.00814B 0.00823B 0.0271A 0.0206A 
      
      
carboxylic acids      
hexanoic acid 1.17B 0.660C 0.626C 1.69A 1.65A 
octanoic acid 3.13A 1.28BC 0.817C 2.31AB 2.78AB 
nonanoic acid 0.0187AB 0.0108AB 0.00674B 0.0168AB 0.0213A 
decanoic acid 1.11A 0.221BC 0.0949C 0.501AB 0.756A 
      
      
terpenoids      
α-terpinene 0.00293BC 0.0152A 0.00147C 0.0100A 0.00680AB 
limonene 0.000466AB 0.00166A 0.000228B 0.00218A 0.00144A 
ocimene 0.00113A 0.00324A NDB 0.00261A 0.00192A 
terpinolene 0.00186A 0.00405A NDB 0.00374A 0.00257A 
p-cymene 0.0277A 0.0121A 0.002B 0.0383A 0.0207A 
linalyl ethyl ether 0.00193AB 0.00301A 0.000718B 0.00559A 0.00502A 
α-terpinyl ethyl ether 0.00234A 0.00211A 0.000159B 0.00310A 0.00234A 
nerol oxide 0.0186A 0.0127A 0.000785B 0.0231A 0.0209A 
geranyl ethyl ether 0.00637A 0.00375BC 0.00323C 0.00498AB 0.00582A 
linalool 0.0253B 0.0279B 0.00683C 0.0691A 0.101A 
hotrienol 0.084A 0.02B 0.00103C 0.0766A 0.0609A 
α-terpineol 0.00964A 0.00939A 0.00186B 0.0210A 0.0192A 
β-citronellol 0.0187A 0.0145A 0.00538B 0.0282A 0.0203A 
nerol 0.00141A 0.000919A 0.000379B 0.00195A 0.00161A 
      
α-farnesene isomer 0.000856A 0.000862A 0.00017B 0.000579AB 0.000496AB 
β-farnesene 0.00443A 0.00358ABC 0.00201C 0.00381AB 0.00243BC 
nerolidol 0.00571A 0.00197B 0.000609C 0.00352AB 0.00308AB 
      
      
nor-isoprenoids      
vitispirane 1 0.0113AB 0.0133AB 0.00044B 0.0183A 0.0148AB 
riesling acetal 0.0114A 0.0134A 0.00038B 0.0221A 0.0153A 
1,1,6-trimethyl-1,2-
dihydronaphthalene (TDN) 0.00359A 0.00227A NDB 0.00227A 0.00104A 
β-damascenone 0.0443B 0.109A 0.00583D 0.0426B 0.0232C 
      
aromatics      
benzaldehyde 0.0170B 0.00929C 0.0374A 0.0276AB 0.0389A 
p-vinylguaiacol 0.00257A 0.000409B ndC ndC ndC 
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2.3.2.2.1.2. Tissue-specific factors affected different classes of GP wine volatiles 
2.3.2.2.1.3. Principal component analysis was performed on the GP Riesling wines. 
To visualise spatially the relationship between the wines based on the volatile 
profiles and the association of volatile compounds with each wine a PCA was 
performed. The first two principal components, PC-1 and PC-2, explained 59.06 % and 
22.21 % of total variance, respectively. Together these components explained 81.27 % 
of total variance. PC-3 explained 14.88 % and the fourth component only explained 
3.85 % of the variance, so were not considered important for further explaining the 
variance. A projection of compounds and tissues onto the factor space of PC-1 and PC-2 
is shown in Figure 11. 
Wines produced with seed tissue were correlated with high negative PC-1 scores. 
On the right-hand side of the plot the ‘whole berry’ wines were located, although their 
positive PC-1 scores were not as high as the negative scores of the seed-derived wines. 
Compounds that correlated (p-value<0.05) with high positive PC-1 loadings were: 
terpenoids (hotrienol, nerolidol, geranyl ethyl ether, nerol oxide, nerol, and (p)-cymene), 
octanoic acid, nonanoic acid, octanol, nonanol, decanol, some branched chain alcohols 
and esters (2-methyl butanol and 3-methylbutanol, and 3-methylbutyl hexanoate), 2-
phenylethyl butanoate, diethyl succinate, ethyl 2-furoate, hexyl acetate, and ethyl 3-
hydroxytridecanoate. Compounds that correlated (p-value<0.05) with high negative PC-
1 loadings were ethyl acetate, heptyl acetate, and 3-ethoxypropanol. In general, the 
volatile components of the wines were associated with positive PC-1 scores on the 
biplot, which co-localised with the ‘whole berry’-derived and flesh-derived wines 
(Figure 11). 
There was some separation of the flesh-derived wines from the ‘whole berry’ wines, 
and the seed-derived wines from the wines made with skin on the second principal 
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component (Figure 11). Wines produced with skin tissue were correlated with high 
positive PC-2 scores, while wines made with flesh tissue were correlated with high 
negative PC-2 scores. (Z)-3-hexenol co-varied with high positive PC-2 loadings. 
 
Figure 11: PCA bi-plots of PC-1 and PC-2 for GP Riesling wines and grape influenced aroma 
compounds. Abbreviations used in this figure are tabulated with their compound names in Table 
11. 
2.3.2.2.2. Cabernet Sauvignon 
The volatile compound compositions of the Cabernet Sauvignon model wines 
produced using grape tissues in proportion to that seen in whole berries were analysed. 
A target list of 115 compounds, which were those that changed with increasing 
percentage of Cabernet Sauvignon grape juice in wines of model must (Keyzers and 
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Boss, 2010), was used to focus the study on those compounds that may be influenced by 
grape composition. 
Table 20: Grape influenced aroma compounds that were not detected in GP Cabernet Sauvignon 
wines 
Target compounds not detected   
aliphatics  carboxylic acids 
2-pentadecanone  2-ethylhexanoic acid 
2-undecanol  9-decenoic acid 
pentanol  dodecanoic acid 
   
esters  terpenoids 
2-heptyl acetate  2,3-dihydrofarnesol 
2-methylpentyl acetate  farnesol 
3-(methylthio)propyl acetate  farnesyl acetate 
9-decnyl acetate  β-citronellyl acetate 
benzyl acetate   
decyl acetate  aromatics 
ethyl (E)-2-hexenoate  (p)-vinylguaiacol 
ethyl (Z)-9-octadecnoate   
ethyl 3-(methylthio)propanoate  others 
ethyl octadecanoate  2-methyldihydro-3(2H)-thiophenone 
ethyl (E)-3-hexenoate   
ethyl undecanoate   
octyl acetate   
propyl octanoate   
2-ethylhexyl acetate   
 
2.3.2.2.2.1. Most target compounds were detected, and most detected compounds 
significantly differed across the treatments. 
Of the 115 Cabernet Sauvignon target compounds, 89 were detected in the 
chromatograms and 26 were not detected (Table 20). Of the 89 compounds quantified in 
the wines, 18 did not differ significantly across the samples (p>0.05; Table 21), and 72 
compounds were significantly different over the range of treatments (Table 22). 
  
91 
Table 21: Grape influenced aroma compounds that were not significantly different between GP 
Cabernet Sauvignon wines 
class   
compound   
aliphatics  esters 
2-heptanone  2-methylpropyl octanoate 
3-hydroxy-2-butanone  3-methylbutyl acetate 
dodecanol  3-methylbutyl butanoate 
  ethyl 2-furoate 
carboxylic acids  ethyl 3-methylbutanoate 
heptanoic acid  ethyl 4-hydroxybutanoate 
  ethyl 9-decenoate 
terpenoids  ethyl butanoate 
neryl propanoate  ethyl nonanoate 
β-farnesene  ethyl pentadecanoate 
  methyl dodecanoate 
aromatics   
benzothiazole   
 
2.3.2.2.2.2. Most of the detected compounds did not differ significantly between 
homogenised and crushed ‘whole berry’ wines. 
Most of the compounds (75 of 89) did not differ significantly (p>0.05) between 
homogenised and crushed ‘whole berry’ wines. Crushed ‘whole berry’ wines were 
higher in abundance than homogenised ‘whole berry’ wines for three analytes; 2-
phenylethanol, acetic acid and 2-methylbutanol/3-methylbutanol. There were 11 
compounds that were higher in homogenised ‘whole berry’ wines than in crushed 
‘whole berry’ wines; ethyl dodecanoate, ethyl tetradecanoate, ethyl hexadecanoate, 
ethyl 9-hexadecenoate, 3-methylbutyl decanoate, 3-methylbutyl dodecanoate, 1-octen-
3-ol, (Z)-3-hexenyl acetate, (Z)-2-heptenal, 2-methylpropanol and propanol. 
Of the wines produced from grape berry tissues, flesh-derived wines and skin-
derived wines appeared to be most similar as 56 compounds were not significantly 
different in these wines. Twenty-two compounds were significantly more concentrated 
in wines made from flesh than in wines made from skins and seven analytes that were 
more concentrated in skin-derived wines than in flesh-derived wines (Table 22).  
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When the berry tissue wines are compared, the greatest number of significant 
differences was seen between the wines made from flesh and the wines made from 
seeds. A total of 32 compounds were significantly more concentrated in wines made 
from flesh than in wines made from seeds and 19 compounds were more concentrated 
in wines made from seeds than in wines made from flesh. There were 38 compounds 
that were not significantly different when flesh-derived wines were compared to wines 
made from seeds.  
Forty-three compounds were not significantly different when comparing skin-
derived wines to seed-derived wines. Wines made from the fermentation of model must 
supplemented by skin tissue had a higher concentration of 30 compounds than wines 
made from seeds whereas; wines made from seeds had higher concentrations than wines 
made from skins for 16 compounds. 
Given that the whole berries are mainly made of flesh (Table 5), we might expect 
that the ‘whole berry’ wines are most similar to those made from flesh. This was indeed 
the case as when wines made from crushed whole berries were compared to wines made 
from individual tissues there was no significant difference in the concentrations of: 67 
compounds for flesh-derived wines, 54 compounds for skin-derived wines, and 30 
compounds for seed-derived wines. Similarly, the wines made from homogenised whole 
berries did not significantly differ in the concentrations of: 56 compounds when 
compared to flesh-derived wines, 41 compounds when compared to skin-derived wines, 
and 29 compounds when compared to seed-derived wines. Wines made from crushed 
whole berries had higher concentrations of; 17 compounds than wines made from flesh, 
31 compounds than wines made from skins and 41 compounds than wines made from 
seeds. Wines made from homogenised whole berries had higher concentrations of: 29 
compounds than flesh-derived wines, 42 compounds than skin-derived wines and 46 
compounds than seed-derived wines. Four compounds were more concentrated in flesh-
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derived wines than in crushed ‘whole berry’ wines: 2-methylpropanol, 3-
ethoxypropanol, 3-(methylthio)propanol and phenylethyl acetate. Three of these 
compounds (3-ethoxypropanol, 3-(methylthio)propanol and phenylethyl acetate) were 
also more concentrated in flesh-derived wines compared to wines made from 
homogenised whole berries, and, acetic acid also followed this pattern (Table 22Table 
22). There were four compounds that were more highly concentrated in skin-derived 
wines than in wines made from crushed whole berries: 2-methylpropanol, ethyl 2-
methylpropanoate, acetic acid and 2-methylpropanoic acid. The concentrations of 2-
methylpropanol, ethyl 2-methylpropanoate and acetic acid were also higher in the skin-
derived wines than the homogenised ‘whole berry’ wines along with, 2-
methylbutanol/3-methylbutanol, and 2-phenylethanol. A total of 18 compounds were 
more highly concentrated in wines made from seeds than in wines made from crushed 
whole berries while 14 compounds were more concentrated in seed-derived wines than 
in wines made from homogenised whole berries. 
Table 22: Grape influenced aroma compounds that were significantly different between GP 
Cabernet Sauvignon wines. Geometric means are reported and derived from ratio of the peak area 
of the quantifier ion for that compound divided by the peak area of the quantifier ion for the 
relevant internal standard. Statistical similarity between means is indicated by values with the same 
letter in superscript (Tukey post-hoc). 
 geometric means (n=3) 
    Whole berry Whole berry 
Compound Flesh Skin Seed (crushed) (homogenised) 
aliphatics      
2-nonanone 0.172A 0.165AB 0.0968B 0.221A 0.250A 
2-undecanone 0.0403B 0.0281C 0.0165D 0.0484AB 0.0577A 
      
propanol 0.115D 0.102E 0.633A 0.126C 0.136B 
butanol 0.061B 0.0459C 0.0335D 0.116A 0.118A 
2-heptanol 0.00236B 0.00302B 0.0028B 0.00592A 0.00646A 
1-octen-3-ol 0.0459B 0.0312C 0.0687A 0.0506B 0.0714A 
heptanol 0.0411B 0.0732A 0.0398B 0.0801A 0.0908A 
2-nonanol 0.0607BC 0.0561C 0.0326D 0.0906A 0.0813AB 
octanol 0.047B 0.0401C 0.0256D 0.0706A 0.0726A 
decanol 0.0295A 0.0166B 0.00526C 0.0343A 0.0325A 
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 geometric means (n=3) 
    Whole berry Whole berry 
Compound Flesh Skin Seed (crushed) (homogenised) 
2-methylpropanol 0.174C 0.339A 0.202B 0.136D 0.166C 
3-ethoxypropanol 0.0486B 0.0267D 0.148A 0.0381C 0.0339C 
2-methylbutanol/3-
methylbutanol 3.32D 11.1B 13.3A 10.6B 7.66C 
3-octanone 0.0143AB 0.00753C 0.0182A 0.0121B 0.0143AB 
(E)-2-heptenal 0.0000436C 0.0000455C 0.000938AB 0.000328B 0.00324A 
rac-2,3-butanediol 0.19AB 0.0936B 0.258A 0.296A 0.322A 
meso-2,3-butanediol 0.0716AB 0.0514B 0.109A 0.0962AB 0.130A 
      
3-
(methylthio)propanol 0.215A 0.0519C 0.000671D 0.136B 0.150B 
      
hexanol 0.993B 1.24B 0.0856C 2.17A 2.60A 
(E)-3-hexenol 0.0107B 0.0155AB 0.000328C 0.0213AB 0.0261A 
(Z)-3-hexenol 0.00259A 0.0101A 0.000475B 0.00702A 0.0099A 
hexanal 0.00331A 0.00196AB 0.000903B 0.00307A 0.00406A 
      
      
esters      
hexyl acetate 0.00558B 0.00589B 0.00256C 0.00947AB 0.0133A 
(Z)-3-hexenyl 
acetate 0.00261AB 0.00207B NDC 0.00247B 0.00352A 
ethyl acetate 0.924B 1.19B 3.79A 1.08B 1.13B 
      
ethyl propanoate 0.0223B 0.0199B 0.0872A 0.0197B 0.0265B 
ethyl 2-butenoate 0.0113B 0.00637C 0.00323D 0.0163A 0.0159A 
ethyl hexanoate 2.44B 2.44B 3.45AB 4.12AB 4.76A 
ethyl heptanoate 0.00754B 0.0129AB 0.029A 0.0111B 0.0144AB 
ethyl octanoate 4.86BC 4.06C 4.72BC 7.65AB 8.57A 
ethyl decanoate 2.19A 1.04B 0.889B 2.86A 2.82A 
ethyl dodecanoate 0.236B 0.110C 0.341B 0.334B 0.735A 
ethyl tetradecanoate 0.00916BC 0.00602C 0.0115BC 0.0137B 0.0405A 
ethyl 
hexadecanoate 0.0109B 0.00406C 0.00371C 0.0146B 0.0422A 
ethyl 9-
hexadecenoate 0.00163B 0.000519BC 0.000402C 0.0015B 0.00533A 
      
3-methylbutyl 
hexanoate 0.0203BC 0.0118CD 0.00646D 0.03AB 0.0423A 
3-methylbutyl 
octanoate 0.00676AB 0.00272C 0.00544BC 0.0106AB 0.0146A 
3-methylbutyl 
decanoate 0.0589BC 0.037C 0.075B 0.0651B 0.154A 
3-methylbutyl 
dodecanoate 0.00347B 0.00291B 0.0044B 0.00559B 0.0175A 
      
ethyl 2-
methylpropanoate 0.00343BC 0.00838AB 0.00911A 0.00184C 0.00278C 
propyl acetate 0.00775B 0.00638B 0.0861A 0.00637B 0.00781B 
2-methylpropyl 
acetate 0.0123B 0.0283AB 0.0496A 0.0127B 0.0168B 
butyl acetate 0.00198C 0.00252BC 0.00583A 0.00316BC 0.00364AB 
pentyl acetate 0.0167A 0.0226A 0.00712B 0.0344A 0.018A 
propyl hexanoate 0.00108CD 0.000916D 0.0092A 0.00211BC 0.00294B 
heptyl acetate 0.00324B 0.00254B 0.0158A 0.00259B 0.00256B 
methyl decanoate 0.00616B 0.00326C 0.00155D 0.0102A 0.00807AB 
diethyl succinate 0.129A 0.123A 0.0684B 0.142A 0.137A 
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 geometric means (n=3) 
    Whole berry Whole berry 
Compound Flesh Skin Seed (crushed) (homogenised) 
ethyl phenylacetate 0.0751A 0.024B 0.0142C 0.0621A 0.0601A 
phenylethyl acetate 1.38A 0.289C 0.324C 0.533B 0.579B 
2-phenylethyl 
octanoate 0.00357AB 0.00124C 0.00189BC 0.00421A 0.00684A 
      
      
carboxylic acids      
acetic acid 0.162C 0.415B 0.636A 0.166C 0.105D 
butanoic acid 0.0478B 0.0497B 0.0513B 0.0704A 0.0708A 
hexanoic acid 0.847B 0.687C 0.495D 1.18A 1.18A 
octanoic acid 1.3A 0.728B 0.289C 1.72A 1.87A 
decanoic acid 0.0831AB 0.0876AB 0.0499B 0.19A 0.141AB 
2-methylpropanoic 
acid 0.0344C 0.0737A 0.0523B 0.0309C 0.0326C 
      
      
terpenoids      
linalool 0.0257AB 0.0136C 0.0192BC 0.032A 0.0324A 
geranyl acetate 0.0211A 0.0141B 0.00604C 0.0219A 0.017AB 
β-citronellol 0.0375B 0.0265C 0.0168D 0.0462A 0.0436AB 
nerol 0.00157B 0.00129B 0.000749C 0.00247A 0.00261A 
geraniol 0.0417A 0.0137AB 0.00649B 0.0493A 0.0389A 
      
α-farnesene isomer 0.000813A 0.00121A 0.000608A 0.000986A 0.000605A 
nerolidol 0.00866A 0.00694A 0.00281B 0.0108A 0.0078A 
cadalene NDB 0.0000312AB 0.000127A 0.000287A 0.000269A 
      
      
nor-isoprenoids      
β-damascenone 0.071A 0.0394A 0.00394B 0.0748A 0.0406A 
      
      
aromatics      
benzyl alcohol 0.00345C 0.00789B 0.00163D 0.0214A 0.0211A 
2-phenylethanol 0.215C 1.47AB 1.71A 1.22B 0.438C 
phenol 0.00412AB 0.00343BC 0.00285C 0.00461A 0.00477A 
benzophenone 0.000413A 0.000183A 0.000023B 0.000235A 0.000391A 
benzaldehyde 0.0369A 0.0457A 0.0269B 0.0483A 0.0483A 
 
2.3.2.2.2.3. Different classes of compounds have varying reliance on grape berry 
tissue for their production during winemaking 
2.3.2.2.2.4. Principal component analysis of Cabernet Sauvignon model wines. 
Visualisation of the relationship between the wines based on the volatile profiles 
was achieved by conducting a principal components analysis using the compounds 
significantly different in the wine samples. PC-1 explained 62.21 % of the total 
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variance, and PC-2 explained 22.22 % of the total variance meaning that these first two 
principal components explained 84.42 % of total variance. The next two principal 
components, PC-3 and PC-4 explained 9.86 % and 5.72 % of total variance, 
respectively. Figure 12 shows a biplot projection of the pre-analysis loadings for 
variables and scores for tissues onto the factor space of the first two components. 
The location of the different wine samples in the PCA biplot is similar to that seen 
in the corresponding Riesling experiment (Figure 11). Wines made with seed tissue had 
highly negative PC-1 scores, while wines that were made with whole homogenised 
berries had highly positive PC-1 scores. The crushed berry wine samples were also 
found on the right-hand side of the plot, but the PC-1 scores for these wines were not as 
high as those of the homogenised ‘whole berry’ wines. The wines made from seeds had 
negative PC-1 scores and hence were found on the left-hand side of the plot. The 
variability in the volatile profiles of the flesh-derived wines were not well described by 
PC-1. Compounds that had highly positive PC-1 loadings (p-value<0.05) were: ethyl 
decanoate, C6 compounds (hexanol, hexanal, (E)-3-hexenol, hexyl acetate and (Z)-3-
hexenyl acetate), terpenoids (geraniol, nerol, and β-citronellol), free fatty acids 
(hexanoic acid and octanoic acid), 3-methybutyl hexanoate, aliphatic alcohols (butanol, 
octanol, 2-nonanol and decanol), phenol, 2-nonanone, methyl decanoate, and diethyl 
succinate. Compounds with highly negative PC-1 loadings were: isobutyric acid, its 
ethyl ester, and acetic acid. 
Wines made with seed and whole homogenised berries had high positive with PC-2 
scores, while wines made with skin tissue had PC-2 scores that were highly negative. 
Homogenised ‘whole berry’ wines were also found in the upper half of the biplot, 
indicating they had positive PC-2 scores, whereas the flesh-derived wines had negative 
PC-2 scores. The variation in the profiles of the crushed ‘whole berry’ wines was not 
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well described by PC-2 (Figure 12). Compounds that highly correlated with large 
positive PC-2 loadings were meso-2,3-butanediol and 1-octen-3-ol. 
Figure 12: PCA bi-plots of PC-1 and PC-2 for GP Cabernet Sauvignon wines and grape influenced 
aroma compounds. Abbreviations used in this figure are tabulated with their compound names in 
Table 11. 
2.4. Discussion 
The experiments described in this chapter were designed to explore the grape tissue-
specific origin of wine volatiles. There have been some studies that have explored 
localisation of grape volatiles or precursors linked to grape-derived wine volatiles, such 
as methoxypyrazines (Dunlevy et al., 2013), monoterpene polyols (Williams et al., 
1980), glycosylated monoterpenes (Wilson et al., 1986), cysteine- or glutathione-bound 
thiols (Peyrot des Gachons et al., 2002, Murat et al., 2001), and phenolic acids (Pinelo 
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et al., 2006). Some studies have investigated the role of varying skin contact or skinless 
fermentations on isoamyl acetate, FAEE, 2-phenylethanol and 2-phenylethyl acetate 
(Callejón et al., 2012). However, to our knowledge, the potential roles of different grape 
tissues on many grape-derived and fermentation-derived volatile compounds have not 
been fully explored. To explore the grape tissue-specific origins of wine volatiles, two 
sets of experiments were carried out. The EW experiment explored the potential 
influence of grape tissue on wine aroma, independent of weight. As such, they reflect 
the concentration in different tissues of factors that lead to accumulation of particular 
volatile compounds, such as the concentration of glycoside precursors, or the 
concentration of compounds that up- or down-regulate volatile producing pathways in 
yeast. The GP experiments sought to show whether the flesh, which by mass provides 
most of the grape material to fermentations, supersedes the potential concentration of 
compounds in the skin or seeds that influence wine aroma. As such, they reflect the 
potential for different tissues to contribute to wine aroma in a weight dependent manner. 
The concentration of some factors might be greater in skin or seed, but overall, the 
contribution of flesh might be greater, owing to the much larger proportion of the whole 
berry that is flesh. 
The EW experiments indicated that the differences between seed-derived wines and 
other wines are much greater than any differences between the wines made from 
different non-seed tissues or whole berries. This was illustrated in the separation of the 
volatile profiles of seed-derived wines from all other samples along PC-1 in both 
Riesling and Cabernet Sauvignon EW wines (Figure 7 and Figure 8). This was driven 
by the association of large numbers of high concentrations of esters with the wines 
made from seeds. A small amount of separation in PC-1 was observed for skin-derived 
Riesling wines from flesh- and ‘whole berry’-derived wines, but virtually no PC-1 
separation of skin-derived Cabernet Sauvignon wines from flesh or ‘whole berry’ 
99 
wines. Instead, most of the separation between skin-derived wines flesh or ‘whole 
berry’ wines occurred in PC-2. In Riesling this was driven by higher concentrations of 
C6-alcohols, other alcohols, nor-isoprenoids and monoterpenoids in skin-derived wines 
(Figure 7), and while in Cabernet Sauvignon skin-derived wines associated with C6-
alcohols and other alcohols, the association of monoterpenoids with skin-derived wines 
was not as strong as that in Riesling (Figure 8).This probably reflects the greater 
concentration of Riesling varietal monoterpenoids and their precursors in Riesling skins. 
Few compounds closely associated with either flesh- or ‘whole berry’-derived wines 
compared to the number that associated with either skin- or seed-derived wines. The co-
localisation of flesh and ‘whole berry’ in EW wines is not surprising, given that berries 
are around 70-80 % flesh by weight (Table 5).  
In the GP experiment, the co-localisation of volatile compounds shifted heavily to 
the ‘whole berry’ wines. The main separation in the PCA was of ‘whole berry’ wines 
from seed-wines, and to a lesser extent, from skin-wines (Figure 11 and Figure 12). 
Almost all of the compounds co-localised with whole berry wines, which indicates that 
very few compounds have their concentration in wine driven by the absence of 
particular tissues in the fermentation. The presence of all three tissues in making the 
whole berry wines led to the highest concentration of most compounds when compared 
to wines made from separate tissues. 
While the PCA are important for indicating general trends across the datasets, it is 
also of interest to understand how particular classes of volatile compounds behaved in 
the EW and GP fermentation experiments. It is hoped that this understanding can 
inform future work that looks at how commercial wineries can influence the 
concentration of particular compounds in wines. 
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2.4.1. Grape-derived compounds 
2.4.1.1. Monoterpenoids 
Monoterpenoids are predominantly synthesised in grape chloroplasts from isoprene 
units. They contribute floral character to wines and are especially important in 
producing the “Muscat” character of aromatic varieties of grapes and wines such as 
Riesling (Dunlevy et al., 2009). In general, monoterpene concentrations were lowest in 
the EW wines made from seeds and highest in the EW skin-derived wines (Figure 7 and 
Table 10). However, the Riesling GP wines made from skins and flesh had similar 
concentrations of most monoterpenoids. This would be consistent with the research 
showing free and glycosylated monoterpenoids being more concentrated in skins, but 
flesh tissue still providing significant total free and glycosylated monoterpenoids in 
grape must as it provides a higher percentage of the total grape tissue present (Park et 
al., 1991).  
Almost all of the target monoterpenoids in this experiment are known to be present 
to some degree as free monoterpenoids in pre-fermentation grape juice (Duan et al., 
2014). One possible way in which different tissues could contribute to monoterpenoid 
concentration in wine is by supplying free monoterpenoids which could persist 
throughout fermentation. However, glycosylated monoterpenoids account for about ten 
times more monoterpenoid content in grapes than free monoterpenoids (Park et al., 
1991). It would be interesting to investigate whether grapes contain lipid-conjugated 
monoterpenoids as fatty acid conjugates of monoterpenoids have been found in other 
Rosids and are a possible source of bound monoterpenes in wines. In addition to free 
monoterpenoids and glycosylated precursors, odourless, polyhydroxylated, terpenoid 
polyols are present in some grape musts and transformation of these to odour-active 
monoterpenoids by microbial and chemical activity is possible. There is also a possible 
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monoterpene source that does not involve grape precursors, namely de novo synthesis 
by some Saccharomyces cerevisiae strains (Gamero et al., 2011, Carrau et al., 2005). 
Increases in the available nitrogen content of must and the levels of oxygen available 
lead to higher production of linalool and citronellol (Carrau et al., 2005). It is possible 
that some tissues changed the redox condition of the model musts and led to an increase 
in the de novo synthesis of some monoterpenoids. However, yeast contributions to 
monoterpenoid accumulation were only observed for linalool, α-terpineol, citronellol, 
nerol, hotrienol and geraniol (Carrau et al., 2005) and other experiments suggest that the 
major contribution of monoterpenoids comes from grape material and not just simply 
due to changing the amount of YAN or redox state of the yeast (Keyzers and Boss, 
2010). However, monoterpene production by yeast may account for any differences 
seen amongst the Cabernet Sauvignon wines, where grape-derived concentrations are 
low (Table 14 and Table 22). There has been speculation that leucine can be catabolised 
to produce substrates for monoterpene synthesis in yeast (Carrau et al., 2005). Other 
potential leucine catabolites, the 3-methylbutyl esters, were more concentrated in wines 
made from seeds, while monoterpenes were more concentrated in wines made from 
skins or flesh. An explanation for production of both these aroma compound groups via 
leucine catabolism by yeast would have to explain why aroma production of 3-
methylbutyl esters and monoterpenes are so divergent. 
2.4.1.2. Sesquiterpenoids 
Like monoterpenoids, sesquiterpenoids are synthesised from isoprene units, but the 
location of this synthesis is in the cytoplasm, where a different pool of isoprene units is 
used than that used in synthesis of monoterpenoids. They can contribute floral, green 
and woody nuances to wines, although few individual sesquiterpenoids are present in 
concentrations above their odour threshold in wine. Some sesquiterpenoids, particularly 
α-farnesene, are present as free-sesquiterpenoids in grape juice (Jiang et al., 2007). 
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Some sesquiterpenes, nerolidol and farnesol, may be derived from glycosylated 
sesquiterpenoids (Dunlevy et al., 2009). 
The EW and GP experiments showed that seeds do not contain appreciable 
quantities of these sesquiterpenoids or their precursors (Table 10, Table 14, Table 19, 
Table 22). Alternatively, seed material may limit the extraction of these 
sesquiterpenoids, in a similar manner to that in which recovery of the sesquiterpenoid 
rotundone was increased when grapes were deseeded (Siebert et al., 2008). Also, the 
Cabernet Sauvignon EW wines did not significantly differ in concentrations of any 
sesquiterpenoids when comparing skin and flesh-derived wines (Table 14). The only 
differences seen were that the Riesling EW wines derived from flesh contained 
significantly more α-farnesene and α-farnesene isomer than EW wines made from skin 
and that nerolidol, which was significantly more concentrated in Riesling flesh-derived 
GP wines than in GP wines made from Riesling skins (Table 19). As these two varieties 
have not been reported to have sensory characters driven by sesquiterpenes, unlike 
Shiraz which has the ‘pepper’ attribute caused by the sesquiterpene rotundone (Wood et 
al., 2008), it is not surprising that there were few differences amongst the wines. It is 
interesting that the berry flesh was just as good a source of wine sesquiterpenes in the 
EW and GP fermentations as the skin, because the berry skins have been shown to be 
site of accumulation of rotundone in grapes (Caputi et al., 2011). Saccharomyces 
cerevisiae are able to produce nerolidol and farnesol without the presence of secondary 
grape metabolites (Carrau et al., 2005). Unlike monoterpenoids, the sesquiterpenoids 
did not increase when YAN was increased, and it therefore was proposed that this is due 
to an additional pathway for formation of monoterpenoids in yeast (Carrau et al., 2005). 
It is possible that the differences seen in nerolidol in the GP wines was due to the 
presence of a factor associated with the production of this compound by the yeast rather 
than the presence of the compound in the grape tissue itself. 
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2.4.1.3. Nor-isoprenoids 
Nor-isoprenoid synthesis is initiated by cleavage of grape berry carotenoids and the 
occurrence of glycosidically-bound nor-isoprenoid precursors is common in grapes and 
wine (Winterhalter et al., 1990). The most important nor-isoprenoid for non-varietal 
aroma is β-damascenone, which contributes sweet, floral, fruit and woody 
characteristics to wine, descriptions which several other C13- nor-isoprenoids also have 
in common; for example, the vitispiranes and Riesling acetal. The latter is a precursor to 
TDN which contributes kerosene characters to some Riesling wines, which brings 
mixed reactions from wine consumers.  
Nor-isoprenoids were generally less concentrated in EW and GP wines made from 
seeds than in wines made from the other tissues and whole berries. Therefore, seeds 
must not contain appreciable quantities of either the carotenoid precursors, or glyco-
conjugates of nor-isoprenoid precursors. In the Riesling and Cabernet Sauvignon EW 
wines made from skins and flesh there were no significant differences in the 
concentration of the nor-isoprenoids except for Riesling acetal, which was found in 
higher amounts in the skins (Table 10). However, this effect was lost in the Riesling GP 
wines, where the concentration of Riesling acetal did not differ significantly amongst 
the wines made from skins, flesh or whole berries (Table 19) 
One unusual finding was that the concentration of β-damascenone was significantly 
more concentrated in the Riesling GP wines made from skins than those made from 
flesh, but this was not seen in the EW series of Riesling wines. This would seem 
counter-intuitive given that there is proportionally more skin tissue used in the 
production of the EW wine than the GP wine compared to the flesh-derived wines. One 
explanation may involve variability in concentrations of β-damascenone in berry skins. 
It is known that nor-isoprenoid content in skin can be increased by exposure of berries 
to sunlight, which, in turn can be manipulated by grape growers through canopy-
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management (Gerdes et al., 2002). This may also introduce a lot of variation in the 
content of this compound in a sample of berries as they have been sampled from 
throughout the canopy and from all sides of a bunch. Therefore, some would be exposed 
to sunlight more than others and may account for the differences seen in the skin-
derived wines in these experiments. However, generally, the findings of the experiments 
described in this chapter suggest that flesh and skin contribute similar amounts of nor-
isoprenoids or their precursors to wine. Another possible explanation for the difference 
in β-damascenone concentration in GP Riesling wines could be the relatively low 
percentage of alcohol in skin-derived GP wines compared to flesh-derived GP wines 
(Table 19). This could increase the volatilisation of β-damascenone in the low-alcohol 
skin GP Riesling wines. The ANOVA did not show a significant difference in 
percentage alcohol content between the different GP Riesling wines, however, a real 
difference between the wines made from skins and flesh may have been masked by the 
high variability in alcohol content of the seed-derived wines. There was not the same 
difference in alcohol percentages between skin and flesh EW wines. 
2.4.1.4. C6-alcohols, aldehydes and esters 
The C6-alcohols and aldehydes contribute herbaceous and green characters to wine 
and grapes, while their associated acetate esters and ethyl (E)-hex-3-enoate have floral 
and fruit aroma descriptors. The lipoxygenase pathway synthesis of C6 aldehydes and 
alcohols in grapes is initiated by the peroxidation of PUFAs by lipoxygenases (LOX) 
and cleavage of the resulting hydroperoxyl unsaturated fatty acids by hydroperoxide 
lyase (HPL), which occurs to a greater degree upon tissue disruption at the start of 
winemaking (Dunlevy et al., 2009). These pathways are depicted in Figure 13 in blue. 
There is also some evidence that Saccharomyces cerevisiae has lipoxygenase and HPL-
like enzyme activities that can act on exogenous lipids such as linoleic acid (Bisakowski 
et al., 1997). As it is somewhat analogous to the lipoxygenase and HPL step in grapes, 
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this is depicted in orange in Figure 13. It is not known whether yeast has a similar 
ability to act on 18:3, or whether exogenous glycerolipids and glycolipids can be 
hydrolysed by yeast.  
 
Figure 13: A schema for the biosynthetic pathways for the production of C6 compounds in grapes 
(blue), adapted from (Dunlevy et al., 2009). In orange are depicted similar pathways that may occur 
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in Saccharomyces cerevisiae based on observations by (Bisakowski et al., 1997) and (Dennis et al., 
2012). An * indicates that the 18:2 (omega-6) fatty acid and its hydroperoxide are exogenous to the 
Saccharomyces cerevisiae. Abbreviations: ?, unknown enzymatic or non-enzymatic 
transformations; 13-HPL, 13-hydroperoxide lyase; 13-LOX, 13-lipoxygenase; 13(S)HPOTE, (9Z, 
11E, 15Z)-(13S)-hydroperoxyoctadeca-9,11,15-trienoic acid; 13(S)HPODE, (9Z, 11E)-(13S)-
hydroperoxyoctadeca-9,11-dienoic acid 9/13-HPL, 9/13-hydroperoxide lyase; 9-LOX, 9-
lipoxygenase; 9(S)HPOME, (10E)-(9S)-hydroperoxyoctadeca-10-enoic acid; AAT, alcohol 
acetyltransferase; ADH, alcohol dehydrogenase; AH, acyl hydrolase; EI, enol isomerase; HPL 
hydroperoxide lyase; LOX, lipoxygenase;  
There is also evidence that Saccharomyces cerevisiae has the ability to transform a 
small fraction of exogenous sources of certain C6 aldehydes into C6 alcohols and hexyl 
acetate (Dennis et al., 2012). Similarly, yeast can inefficiently make hexyl acetate from 
exogenous C6 alcohols (Dennis et al., 2012). In comparison, yeast demonstrate a greater 
ability to isomerise exogenous (Z)-3-hexen-1-ol to (E)-3-hexen-1-ol (Dennis et al., 
2012). 
The C6-alcohols were significantly more concentrated in skin-derived EW and GP 
wines of both varieties than in wines made from seeds (Table 10, Table 14, Table 19 
and Table 22). Skin-derived EW and GP Riesling wines contained higher 
concentrations of C6-alcohols than wines made from Riesling flesh (Table 10 and Table 
19), with the exception of (E)-3-hexenol in GP Riesling wines. These compounds result 
from the degradation of hydroperoxides of unsaturated grape lipids by enzymes which 
come into contact with unsaturated lipids when grape tissues are disrupted prior to wine 
making (Dunlevy et al., 2009). The concentration of C6-alcohol factors in skin tissue 
seems to suggest either those skins have higher transcription of genes or expression of 
enzymes that produce more C6-compounds when grape tissue is wounded, or higher 
concentrations of some unsaturated fatty acid substrates. However the latter reason does 
not seem to be supported by literature, as unsaturated neutral lipids are mostly found in 
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seed tissues and skins and seeds contain similar amounts of unsaturated phospholipids 
(Miele et al., 1993). Instead it appears that polyunsaturated glycolipids and their peroxy-
derivatives are acted on by lipoxygenases in Pinot Noir grapes (Pilati et al., 2014). 
An alternative reason for the variation in C6-compound profiles involves higher 
expression or activity of acyl hydrolases, LOX or HPL enzymes in skin, and to a lesser 
extent in flesh, than in seeds. It has been shown that the transcripts for two VvLOX 
genes, VvLOXA and VvLOXO, which produce 13(S)-fatty acid hydroperoxides, were 
much higher in grape skins and seeds respectively compared to other grape berry tissues 
(Podolyan et al., 2010). In another study it was shown that there was roughly equal 
numbers of gene transcripts of VvHPLA in grape berry seed and skin samples 
(Podolyan, 2010). It therefore seems likely that the difference in C6-alcohol production 
in skin-derived wines is due to acyl hydrolases but confirmation of this requires further 
study. The concentrations of the associated acetate esters of the C6-alcohols; hexyl 
acetate and (Z)-3-hexenyl acetate, were not significantly different when comparing skin-
derived wines to flesh-derived wines in either Cabernet Sauvignon or Riesling GP 
wines. Skin-derived GP Riesling wines had more of the C6-alcohol substrate than flesh-
derived wines so it would be expected that the lack of difference in the acetate esters is 
due to different rates of acetate ester synthesis rather than alcohol substrate availability. 
The acetate esters were more concentrated in wines made from either skins or flesh than 
in wines made from seeds (Table 14, Table 19 and Table 22). In the case of seeds, the 
lower C6-acetate ester concentration may be due to repression of acetate ester synthesis 
by higher concentrations of unsaturated fatty acids in seeds (Miele et al., 1993, Fujii et 
al., 1997). However, the fact that C6-acetate esters were more concentrated in Riesling 
EW wines produced using skins or seeds compared to wines made from flesh (Table 
10), suggests that, in this case, the availability of the alcohol substrate may play a role 
(Dennis et al., 2012). Undoubtedly the multiple variables that contribute to the final rate 
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of accumulation of these esters, and which derive both from grape and yeast sources, 
make it difficult to predict wine outcomes from differing substrates.  
2.4.1.5. (p)-Vinylguaiacol 
(p)-Vinylguaiacol contributes smoky, woody and sweet characters to wine and is 
particularly important in the aromatic wine varieties such as Riesling. The precursor of 
(p)-vinylguaiacol is ferulic acid, and Saccharomyces cerevisiae can catalyse the 
transformation (Chatonnet et al., 1993). Ferulic acid accumulates in grapes during 
development (Komes et al., 2007). Saccharomyces cerevisiae then decarboxylate the 
exogenous ferulic acid, producing (p)-vinyl guaiacol. There was more (p)-vinylguaiacol 
in Riesling EW and GP wines made from either flesh or skins than in wines made from 
seeds (Table 10 and Table 19) which suggests that seeds must not contain ferulic acid to 
the same extent as either flesh or skins. In skin and flesh-derived EW wines, there was 
similar concentrations of (p)-vinylguaiacol (Table 10). Therefore, it is probable that the 
skin and flesh tissue used in this study contained similar concentrations of ferulic acid. 
When flesh and skins were used to make GP wines, flesh-derived wines contained more 
(p)-vinylguaiacol than wines made from skins (Table 19). Hence, it is probable that, in 
the whole berries used in this experiment, the flesh tissues made a greater total 
contribution to ferulic acid content than skin tissues made. These results match the 
previously measured distribution of phenolic acids across the grape tissues, with seeds 
containing only low concentrations, and skin and flesh containing varying, but much 
higher concentrations of phenolic acids (Pinelo et al., 2006). 
2.4.1.6. Ethyl 2-furoate 
Ethyl 2-furoate is both produced in grape berries, and produced by yeast-
modification of grape metabolites. It could be argued that ethyl 2-furoate is a grape 
derived aroma compound, but with yeast activity also contributing. Ethyl 2-furoate 
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contributes floral and plum characters to wines and grapes. Ethyl 2-furoate is present in 
the skins of white grape varieties, while other studies did not detect ethyl 2-furoate in 
the skins of red grape varieties (Peralbo-Molina et al., 2012). When equal weights of 
tissue were fermented, the wines produced from flesh and skins had higher 
concentrations of ethyl 2-furoate than wines derived from seeds (Table 10 and Table 
19). It is therefore likely that skins and flesh contain higher concentrations of ethyl 2-
furoate (or its precursor) than seeds. In Riesling, the analysis of the fermentation 
volatile compounds suggest that skins contain a higher concentration of ethyl 2-furoate 
(or its precursor) than flesh, whereas in Cabernet Sauvignon the ethyl 2-furoate 
concentration was not significantly different in the wines produced from skins or flesh 
(Table 19 and Table 22). An alternative explanation for these differences concerns the 
relative concentration of anti-oxidants in the grape tissues. Ethyl 2-furoate is often 
referred to as a carbohydrate degradation product, and particularly develops when wine 
is subjected oxidation (Simpson, 1978). It is possible that antioxidants in the seeds 
prevented the oxidation of the wines derived from this tissue, and therefore prevented 
formation of ethyl 2-furoate to the same extent as that in skin-derived and flesh-derived 
wines. Evidence suggests that ethyl 2-furoate in wine is dependent on the presence of 
this compound or a precursor in the grape, as it was not detected in model grape juice 
must in the absence of grape juice (Keyzers and Boss, 2010). Keyzers and co-workers 
found that ethyl 2-furoate clustered with other grape-derived aroma compounds that 
directly increased in concentration with increasing content of grape juice used in model 
must fermentations, such as β-damascenone and C6-alcohols and their associated esters 
(Keyzers and Boss, 2010). It would be interesting to see if ethyl 2-furoate is present in 
ripe fruit or if there is some precursor to ethyl 2-furoate that is transformed by yeast into 
ethyl 2-furoate. 
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2.4.1.7. Benzyl compounds 
Benzyl alcohol (fruity aroma) and benzaldehyde (almond aroma) are able to be 
grape-derived (Williams et al., 1983, García et al., 2003) or formed by certain strains of 
yeast and fungal pathogens at quite differing quantities (Delfini et al., 1991). The 
concentration of benzyl alcohol in grape juice strongly correlates with the small amount 
of benzyl alcohol that is metabolized by yeast into benzyl acetate (Dennis et al., 2012, 
Forde et al., 2011). Benzyl alcohol was more concentrated in wines made from skins 
than in wines made from flesh when equal weight of tissue were fermented (Table 10 
and Table 14). Skins may therefore contain a higher concentration of benzyl alcohol or 
glycosidically-bound benzyl alcohol than flesh tissues. In the GP wines, there was more 
benzyl alcohol in skin-derived Cabernet Sauvignon wines than in wines made from 
either flesh or seeds (Table 14 and Table 22), but the concentration of benzyl alcohol 
was not significantly different in the Riesling wines (Table 19). Benzaldehyde was more 
concentrated in EW wines made from seeds than in wines made from flesh or skins 
(Table 10 and Table 14). However, Cabernet Sauvignon and Riesling GP wines made 
from skins or flesh had higher concentrations of benzaldehyde than seed-derived wines 
(Table 19 and Table 22). This indicates that while benzaldehyde or factors influencing 
the yeast production of this compound, may be concentrated in seeds, the flesh and skin 
have more influence on benzaldehyde concentrations in wine owing to their greater 
mass in berries. 
2.4.2. Fermentation products 
2.4.2.1. Fatty acids 
The medium chain volatile fatty acids have rancid, fatty and oily aroma descriptions, 
while acetic acid has a sharp and sour vinegar character. Experiments using [U13C]-
glucose tracers has shown that the carbon in hexanoic, octanoic and decanoic acids in 
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wines was entirely derived from hexose, suggesting that exogenous, grape sources of 
free fatty acids, or potential precursors in grapes do not contribute significantly to the 
free fatty acid content of wine (Nisbet et al., 2014). Nevertheless some differences were 
observed in fatty acids concentrations when comparing EW and GP wines made from 
different tissues (Table 10, Table 14, Table 19 and Table 22), despite normalisation of 
hexose concentrations prior to fermentation. For example, acetic acid was more 
concentrated in seed-derived Cabernet Sauvignon wines than in EW and GP wines 
made from either flesh or skins (Table 14 and Table 22). Hexanoic acid was also more 
concentrated in seed-derived wines than in skin-derived or flesh-derived EW Riesling 
and Cabernet Sauvignon wines (Table 10 and Table 14), and flesh-derived wines 
contained more hexanoic acid, octanoic acid and decanoic acid than skin-derived or 
seed-derived wines in GP (Table 19 and Table 22). If we assume that the grape is only a 
limited source of fatty acids in the wine then these changes in the concentration of 
medium chain fatty acids may be the result of aborted fatty acid synthesis, which is 
known to occur more frequently when excess saturated fatty acids (Bardi et al., 1999a, 
Wakil et al., 1983), are present. Seeds contain higher concentrations of unsaturated fatty 
acids (Miele et al., 1993), which would explain the higher concentrations of MCFA in 
seed wines in the EW experiments. Meanwhile, in the GP fermentations, flesh wines 
have higher concentrations of MCFA because more exogenous unsaturated fatty acid is 
provided on account of the majority of weight in grape berries being flesh (Table 5). 
Alternatively, seeds may contain higher concentrations of nutrients necessary for 
synthesis of fatty acids such as biotin (Bohlscheid et al., 2007) and thiamine 
(Romagnoli et al., 2012) which are both important for yeast to be able to synthesize 
fatty acids de novo. 
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2.4.2.2. Fatty acid ethyl esters 
The ethyl esters of medium chain fatty acids contribute desirable sweet and fruity 
characters to wine and are important contributors to non-varietal aroma. FAEE are 
produced in yeast by the reaction of ethanol with either fatty acids or acyl-CoAs, 
catalysed by either FAEE carboxyl esterases or ethanol acyl-transferase, respectively 
(Saerens et al., 2006). Because it was shown that some FAEE increased with increasing 
grape content in model fermentations, it has been suggested that grapes may provide 
some precursor (e.g. acyl-CoAs) or other factor that may be associated with FAEE 
production during winemaking (Keyzers and Boss, 2010). Fatty acid ethyl esters tended 
to be more concentrated in seed-derived EW wines than in wines derived from either 
skins or flesh (Table 10 and Table 14). An exception to this was odd-numbered FAEE, 
which were generally not significantly different when comparing EW wines made from 
seeds to wines made from other tissues. If precursors to FAEE exist in the grape, these 
data would suggest that they would be more concentrated in seed tissues than in flesh or 
skin tissues. However, the transfer of 13C-label of hexose to ethyl hexanoate and ethyl 
octanoate suggests that FAEE are not sourced from grape lipids, acyl-CoAs or other 
potential precursors (Nisbet et al., 2014). However, the labelling experiments of Nisbet 
et al. may have a different result if the lipids of the grape seed were also introduced in 
the media, so perhaps exogenous lipid degradation to medium chain ethyl esters could 
still occur. One possibility is that the yeast activates ethyl ester synthesis to remove 
toxic medium chain fatty acids that are exogenously introduced, or possibly produced 
by the β-oxidation of exogenous fatty acids (Legras et al., 2010). It is known that 
unsaturated fatty acids down-regulate FAEE production at lower ranges by stimulating 
chain elongation (and thus reducing the acyl-CoA pool) (Dufour et al., 2008, Saerens et 
al., 2008b), but these lipids can be more concentrated in seeds than in flesh or skins 
(Miele et al., 1993). An increase in FAEE production during fermentation in response to 
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unsaturated fatty acids is supported by evidence that unsaturated fatty acids at higher 
concentrations can stimulate expression of EEB1, a gene encoding an ethanol: acyl 
transferase (Saerens et al., 2008b). This might lead to the expectation that seed wines, 
having a high concentration of unsaturated fatty acids, would have higher 
concentrations of ethyl esters. 
2.4.2.3. Fatty acid methyl esters 
The methyl esters of fatty acids contribute waxy, green, and sweet characteristics to 
wine. The acyl chains are presumably produced in a similar way to those of the ethyl 
esters, but the methanol available differs between tissues depending on the pectin 
content, which is concentrated in the skin and seed tissues (Antalick et al., 2010). This 
explains the higher methyl ester concentrations in EW skin and EW seed wines (Table 
10). However, the higher concentrations of methyl octanoate and methyl decanoate in 
Riesling GP flesh wines compared to the GP skin and GP seed wines (Table 19) 
suggests that the sum of pectin contributed by Riesling flesh outweighs the greater 
concentration of pectin in skin and seeds. Alteration of skin or seed contact time in 
fermentations would therefore be one way by which a winemaker could alter the methyl 
ester to ethyl ester ratio. 
2.4.2.4. Alkanols and methyl ketones 
The 1-alkanols and 2-alkanols contribute waxy, floral and fruity characters to wine 
and grape aroma, while the methyl ketones contribute fruity and cheese nuances to 
wine. Alkanols are present in grape juice, and it is possible that they persist through 
fermentation (Van Wyk et al., 1967). Yeast is also able to produce 1-alkanols and 2-
alkanols without contributions from grape juice (Keyzers and Boss, 2010). The 2-
alkanols may be biosynthetically related to methyl ketones. Methyl ketones could be 
synthesized by a grape protein that has some homology to methyl ketone synthases in 
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other plants (Yu et al., 2010). The acetate esters of alkanols are formed by reaction of 
the 1-alkanols and 2-alkanols with acetyl-coA catalysed by alcohol acetyltransferase 
(Lilly et al., 2006a). The alkanols and methyl ketones were most concentrated in GP 
flesh wines, but in EW wines the skins and seeds had higher concentrations of these 
aroma compounds. This suggests that these compounds are derived from precursors that 
are concentrated in skins and seeds, but that the contribution from flesh tissue 
supersedes this concentration on account of the sheer mass of flesh in a grape berry. The 
alkanols showed a similar pattern to C6-alcohols, a fact that may be explained if these 
compounds derive degradation of similar lipid precursors. While alkyl acetate esters 
show a degree of dependence on alkanol concentration in grape must (Dennis et al., 
2012), the acetate esters in the EW experiments in this chapter tended to be 
concentrated in seed wines, and not necessarily in skin wines, which that had the 
highest concentrations of the respective alkanols, indicating that the seeds may contain a 
factor that promotes acetate ester synthesis by yeast. This is somewhat unusual, as seeds 
contain high concentrations of linoleic acyl chains (Miele et al., 1993), which have 
previously been found to reduce acetate ester formation in Saccharomyces cerevisiae 
(Thurston et al., 1981). 
2.4.2.5. 1-Octen-3-ol and 3-octanone 
1-Octen-3-ol contributes earthy, savoury and mushroom aromas to wine, while 3-
octanone contributes lavender and mushroom aromas to wine. The presence of 1-octen-
3-ol in wines is often associated with fungal infection (Steel et al., 2013), although it 
has been reported as being present in, what is assumed to be, uninfected grape juice 
(Duan et al., 2014, Forde et al., 2011). Seed-derived EW wines had higher concentration 
of 1-octen-3-ol than wines made from flesh or skins (Table 10 and Table 14). This 
would suggest there is higher concentration of this compound in seeds and so more 
persists through the fermentation process. It has also been suggested that unsaturated 
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fatty acids are a precursor of 1-octen-3-ol which would explain the predominance of this 
compound in the seed-derived wines (López et al., 2004). When equal amounts of tissue 
were fermented, 3-octanone followed the opposite pattern from 1-octen-3-ol, being less 
concentrated in wines made from seeds than in wines made from flesh or skin. 
However, in GP wines made from seed were compared to GP wines made from flesh 
there was not a difference in 3-octanone concentration, whereas 1-octen-3-ol was still 
more concentrated in wines made from seeds than in wines made from either skins or 
flesh (Table 19). It is possible that 3-octanone and 1-octen-3-ol are produced by auto-
oxidation of grape unsaturated fatty acids during berry crushing, or later enzymatic 
oxidation by yeast during fermentation. The similarity between these two compounds 
and 1-octen-3-one, itself assumed to be a lipid derivative (López et al., 2004), is reason 
to think that they are sourced from oxidation of grape berry lipids. 
2.4.2.6. Lactones 
The γ-lactones are thought to contribute fatty, coconut and stone-fruit notes to some 
wines, although measurements of these compounds in both red and white wines were 
well below their odour activity thresholds (Cooke Née Brown, 2007). The longer chain 
γ-lactones are assumed to be lipid derivatives, and concentrations of the γ-lactones have 
been found to respond to acid- and yeast-catalysed activity on precursor fractions 
(López et al., 2004, Loscos et al., 2007). It was suggested that glutamic acid was a 
potential precursor of γ-butyrolactone, however, adding glutamic acid to must did not 
increase the concentration of γ-butyrolactone that accumulated during fermentation 
(Muller et al., 1971). There were no significant differences of either γ-butyrolactone or 
γ-nonalactone concentrations between different EW Riesling wines (Table 9). There 
were also no significant differences in γ-butyrolactone concentration between different 
GP Riesling wines (Table 18). However, γ-nonalactone was significantly more 
concentrated in GP Riesling wines derived from skins and flesh than in wines made 
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from seeds (Table 19). This may indicate that the seeds did not provide comparable 
quantities of possible peroxy-lipid or hydroxy-lipid precursors of γ-nonalactone.  
2.4.2.7. Diethyl succinate 
Diethyl succinate is primarily produced as a by-product of succinic acid synthesis by 
yeast during fermentation via a partially operating Krebs cycle (Camarasa et al., 2003). 
Diethyl succinate was more concentrated in EW and GP wines made from Riesling 
skins or flesh than in wines made from seeds (Table 10, Table 14 and Table 22). Grapes 
can synthesize succinic acid but the concentration of succinic acid drops off at fruit 
maturity to negligible levels in healthy grapes (Sponholz and Dittrich, 1977). However, 
yeast are also able to produce succinic acid (Conway and Brady, 1950) and can use 
exogenous amino acids as a carbon source for the production of succinic acid as was 
demonstrated by experiments using labelled aspartate and glutamate (Camarasa et al., 
2003). Therefore, the lower concentration of diethyl succinate in seed-derived EW and 
GP wines would suggest that seeds may be deficient in aspartic and glutamic acids. An 
analysis of the amino acid profiles of each of the tissues could help elucidate how each 
tissue contributes to aroma compounds that could be derived from amino acids. An 
alternative is that another factor in the tissues results in up- or down-regulation of 
succinic acid production in yeast. It seems unlikely that ethyl ester formation is the rate 
limiting step because other ethyl esters were more abundant in wines made from seeds 
than in skin- or flesh-derived wines, which suggests that ethyl ester formation is up-
regulated in wines made from seeds. The high concentration of lipids in the seeds could 
explain the lower concentration of diethyl succinate in seed-derived wines. Yeast have 
been shown to produce much less succinic acid when allowed to produce a reservoir of 
unsaturated lipids by oxygenation prior to addition to the media (Conway and Brady, 
1950). Grape unsaturated fatty acids, which are found in high quantities in the seeds 
(Miele et al., 1993), could allow the yeast to grow without being starved of unsaturated 
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fatty acids and sterols, and may therefore alter the Krebs cycle pathways, resulting in an 
increase of succinic acid and diethyl succinate in seed wines. 
2.4.2.8. Products of α-keto acids 
α-Keto acids can be converted into fusel alcohols and fusel acids. Yeast produces α-
keto acids by an anabolic route as a precursor to amino acid synthesis. An alternative 
route to α-keto acids is catabolic transamination of amino acids via the Ehlrich pathway. 
However, stable isotope labelling of hexose shows that most of each α-keto acid aroma 
compound is produced by the anabolic route (Nisbet et al., 2014). Nevertheless, there is 
still some limited role for catabolic sources of these aroma compounds from exogenous 
amino acids (Nisbet et al., 2014).  
2.4.2.8.1. Isoamyl compounds 
Leucine is metabolized by yeast to 3-methylbutanol and 3-methylbutyric acid 
(Dickinson et al., 1997). Isoleucine can be converted by yeast to 2-methylbutanol and 2-
methylbutyric acid (Dickinson et al., 2000). 
Seed-derived EW wines generally had higher concentrations of isoamyl esters than 
wines made from other tissues (Table 10, Table 14), providing evidence that the seeds 
contained some factor that promoted formation of isoamyl esters. Reaction of isoamyl 
alcohol with acetyl-CoA is catalysed by alcohol acetyltransferase (Lilly et al., 2006a). A 
similar process presumably happens between isoamyl alcohol and the relevant acyl-
CoA catalysed by an enzyme with isoamyl alcohol acyltransferase activity. The increase 
in isoamyl esters in seeds may be due to higher concentrations of acyl-CoA in this 
tissue, which are then able to be esterified by yeast. Alternatively, the seed tissues may 
contain high amounts of 3-methylbutanol, or a precursor that yeast can transform into 3-
methylbutanol. This experiment was unable to show if there was a difference in 3-
methylbutanol concentration in the wines made from different tissues because it co-
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eluted with 2-methylbutanol which has a very similar mass spectrum. It has been 
thought that yeast break down exogenous leucine to make 3-methylbutanol and 3-
methylbutyric acid (Dickinson et al., 1997, Dickinson et al., 2003). Therefore, the 
increase in isoamyl esters in seed-derived wines might be due to increased 3-
methylbutanol concentrations from yeast transformation of elevated leucine content in 
seed tissues relative to flesh or skin tissues. However, yeast can make 3-methylbutanol 
from hexose carbon sources, and labelling of hexose shows that virtually all of the 3-
methybutanol and 3-methylbutanol comes from anabolic synthesis de novo in yeast 
(Nisbet et al., 2014), although no seeds were present in the fermentation in that study. 
Perhaps when nitrogen sources are varied and sufficient for growth, yeast will utilize 
leucine to produce a significant amount of isoamyl alcohol. It is also possible that there 
is something in the seeds that stimulates the production of isoamyl alcohol and its 
associated esters. This could be tested by a combination of spiked fermentations with 
compounds that might be predicted to cause this increase and a natural products 
approach to purify a seed metabolite with the ability to stimulate isoamyl ester 
production. 
2.4.2.8.2. Isobutyl compounds 
Valine can be catabolised by yeast to produce 2-methylpropanol and 2-
methylproanoic acid (Dickinson et al., 1998). It is thought that 2-methylpropanol is 
derived from an α-keto acid that is derived from either of two pathways. The first 
pathway, by which α-keto acids can be sources, is by the catabolic deamination of 
exogenous valine. The second pathway produces the α-keto acid from pyruvate derived 
from hexose sugars. Labelling of hexose shows that, when seeds are not present, 2-
methylpropanol is almost entirely derived from the second of these pathways (Nisbet et 
al., 2014). However, the labelling of hexoses for fermentation was carried out on grape 
juice without seeds, which may provide a large exogenous source of valine, or the 
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exogenous lipids in seeds may alter metabolic pathways involving pyruvate, as acetyl-
CoA is involved in both pyruvate synthesis and in fatty acid synthesis and run on effects 
of exogenous lipids might affect how much pyruvate or isobutyl compounds is 
produced. Alternatively, acetyl-CoA itself might be more concentrated in grape seeds, 
leading to more pyruvate and isobutyl compound synthesis. 
2.4.2.8.3. Phenylethyl and phenylacetate compounds 
Ethyl phenylacetate, 2-phenylethanol and 2-phenylethyl esters contribute to the 
floral, fruity and honey-like characters of wines. It has been shown that yeast is able to 
convert phenylalanine to ethyl phenylacetate and 2-phenylethanol (Dickinson et al., 
2003). There were no significant differences in 2-phenylethanol concentrations in wines 
produced from the Riesling berry tissues (Table 9), but the concentration of 2-
phenylethanol was highest in skin-derived EW Cabernet Sauvignon wines, while seed-
derived wines had more 2-phenylethanol than the flesh-derived wines (Table 14). 
However, this trend was reversed for 2-phenylethyl acetate and 2-phenylethyl octanoate 
in Cabernet Sauvignon EW wines, suggesting that the 2-phenyl ethanol pool of 
substrate is not the driving factor in 2-phenylethyl ester accumulation. The inverse 
relationship between the accumulation of the alcohol and the esters suggest that alcohol 
acyl transferase activity is driving the concentration of 2-phenylethanol and its 
corresponding esters and that some grape-derived factor can influence this alcohol acyl 
transferase activity. Seed-derived EW wines contained a higher concentration compared 
to flesh-derived wine of 2-phenylethyl acetate and 2-phenylethyl butanoate in Riesling 
(Table 10) and 2-phenylethyl acetate and 2-phenylethyl octanoate in Cabernet 
Sauvignon (Table 14). It is known that most 2-phenylethanol is produced by an anabolic 
pathway in yeast (Nisbet et al., 2014). The acyl-CoA that are enzymatically condensed 
to the 2-phenylethanol are produced from hexose anabolism (Nisbet et al., 2014). 
However, it is also known that about 20 % of the 2-phenylethanol is produced by 
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catabolism of exogenous sources, such as that of the amino acid phenylalanine (Nisbet 
et al., 2014, Dickinson et al., 2003, Hernandez-Orte et al., 2002). Perhaps Cabernet 
Sauvignon skins contained higher abundances of phenylalanine that yeast were able to 
use to produce more 2-phenylethanol. Alternatively, as already suggested, a similar 
amount of 2-phenylethanol was produced by fermenting different Cabernet Sauvignon 
tissues, but this was depleted in some wines by the higher rate of ester synthesis due to a 
bigger acyl-CoA pool or up-regulation of alcohol acyl transferases.  
When oxygen is more available, yeast are able to catabolise phenylalanine via the 
Ehlrich pathway into phenylacetic acid (Hazelwood et al., 2006). Phenylacetic acid 
could then be esterified with ethanol by an alcohol O-acetyltransferase (Saerens et al., 
2006). Differences in ethyl phenylacetate between the wines in this experiment may be 
due to different sized pools of phenylalanine in the different tissues. Alternatively, some 
compound in the grape tissues might result in up- or down-regulation of the yeast 
alcohol O-acetyltransferase activity, which might subsequently result in increased 
production of ethyl phenylacetate from phenylacetic acid.  
2.4.2.8.4. Methionine catabolites 
Ethyl 3-(methylthio)propanoate is described as having odour characteristics such as 
pineapple, metallic, sulfurous and tomato (Mosciano, 1994). The odour descriptors for 
3-(methylthio)propanol are sulfurous and onion-like, with a nuances of sweet and 
savoury (Mosciano, 1995). The amino acid methionine is converted into 3-
(methylthio)propanol and 3-(methylthio)propanoic acid. Skin and flesh EW wines had 
much higher concentrations of 3-(methylthio)propanol than seed-derived wines, a 
pattern that was repeated in both Riesling and Cabernet Sauvignon. Skin- and flesh-
derived wines had similar concentrations of 3-(methylthio)propanol when similar 
weights of skin and flesh were fermented. However, when fermented in proportion with 
the amount of tissue in berries, skin wines contained significantly less 3-
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(methylthio)propanol than flesh wines, while seed wines still had very low abundance 
of 3-(methylthio)propanol relative to skin wines. Ethyl 3-(methylthio)propanoate was 
only found in Riesling wines but followed the same distribution as 3-
(methylthio)propanol, being present at very low concentration in seed wines whilst 
having similar concentration in skin and flesh EW wines (Table 10 and Table 14), and 
being higher in flesh GP wines than in skin GP wines (Table 19 and Table 22). By using 
labelled glucose, it has been shown that most of the 3-(methylthio)propanol in wine will 
have a carbon skeleton sourced from anabolic production (Nisbet et al., 2014). 
However, it was also shown that a significant portion of 3-(methylthio)propanol was 
sourced from carbon sources other than hexose, most likely the amino acid methionine 
(Nisbet et al., 2014). There is a strong link between varietal variation in must of 
methionine and the 3-(methylthio)propanol content of the varietal wine produced from 
that must (Hernandez-Orte et al., 2002). Adding methionine to must results in an 
increase of 3-(methylthio)propanol in wine (Muller et al., 1971). It is also likely that 
ethyl 3-(methylthio)propanoate results from similar transformations of methionine, by 
Saccharomyces cerevisiae, because of the structural similarity between ethyl 3-
(methylthio)propanoate and 3-(methylthio)propanol. The transformation is not due to a 
chemical process, as no 3-(methylthio)propanol or 3-(methylthio)propanoic acid were 
produced when yeast inoculation of musts does not occur (Pripis-Nicolau et al., 2004). 
Bacteria, including malolactic Oenococcus oeni, can also transform methionine into 3-
(methylthio)propanoic acid and 3-(methylthio)propenol (Vallet et al., 2008). The lower 
concentration of these volatile compounds in seed-derived EW wines (Table 10 and 
Table 14), suggests that seed tissue must have a much lower concentration of 
methionine than skin and flesh wines, which would appear to contain similar 
concentrations of methionine. Riesling wines contained ethyl 3-(methylthio)propanoate, 
while this compound could not be detected in Cabernet Sauvignon wines. Perhaps there 
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was a more oxidative environment in the Riesling fermentations than in the Cabernet 
Sauvignon fermentations, resulting in low levels of 3-(methylthio)propanoic acid, and 
subsequently, the ethyl ester ethyl 3-(methylthio)propanoate. These aroma compounds 
may be desirable or undesirable in wines, depending on the target bouquet. However, a 
conclusion of this experiment would be that seed contact with must will not make a 
difference to the production of the methionine degradation products and that most of the 
precursor methionine comes from flesh tissue, despite skin and flesh likely having 
similar concentrations of methionine. An alternative could be that seed tissues, and to a 
lesser extent skin tissues contain some factor that causes yeast to produce less ethyl 3-
(methylthio)propanoate acid and 3-(methylthio)propanol, possibly by diverting 
methionine degradation to produce other products, such as 3-(methylthio)propanal. 
2.4.2.9. 3-Ethoxy-1-propanol 
3-Ethoxy-1-propanol contributes fruity characters to wine. Aspartate, and its 
possible catabolite, homoserine, are thought to be precursors of 3-ethoxy-1-propanol in 
yeast (Irwin, 1992). Oddly, 3-ethoxy-1-propanol did not differ between EW wines, but 
3-ethoxy-1-propanol was higher in seed-derived GP wines than in skin and flesh wines. 
The results from the GP fermentations suggest that seeds contain a higher concentration 
of amino acid precursor(s) to 3-ethoxy-1-propanol than flesh and skin. However, then it 
would be expected that: 1) fermenting of EW tissues would result in more 3-ethoxy-1-
propanol in seed wines than in skin and flesh wines and 2) the EW seed-derived wines 
would contain more 3-ethoxy-1-propanol than the seed-derived GP wines. Neither of 
these predicted outcomes was observed. Irwin and co-workers showed that adding 
methionine or threonine to musts resulted in less 3-ethoxy-1-propanol in the wines 
(Irwin, 1992). Perhaps the increase in 3-ethoxy-1-propanol in GP compared to EW 
seed-derived wines is due to a relative deficiency of methionine or threonine in seed-
derived fermentations. Hence, when total levels of these amino acids are low, there 
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would not be the suppression of 3-ethoxy-1-propanol that is seen when methionine or 
threonine is added to controlled media fermentations. This mechanism would be 
consistent with the very low concentrations of volatile sulfur metabolites of methionine 
found in seed wines. The odour descriptions that 3-ethoxy-1-propanol is strongly 
correlated with include solvent and blackcurrant (Tao and Zhang, 2010). These 
characteristics might be considered as positive ones that could be encouraged by 
understanding how to manage grape amino acid profiles with low methionine and 
threonine, and high aspartate or homoserine. Having increasing proportions of Riesling 
juice in a chemically defined model grape juice resulted in increasing concentrations of 
3-ethoxy-1-propanol (Keyzers and Boss, 2010). However, no change in 3-ethoxy-1-
propanol was found when the same experiment was carried out with Cabernet 
Sauvignon juice (Keyzers and Boss, 2010). Perhaps the relevant amino acid profile of 
the Cabernet Sauvignon juice was similar to the model grape juice must, but a 
difference between the Riesling juice and model grape juice must amino acid profiles, 
for example a higher aspartate concentration in Riesling juice than in the model grape 
juice must. Further research would be needed to work out exactly how amino acid 
profile influences 3-ethoxy-1-propanol. It is also known that adding SO2 negatively 
influences 3-ethoxy-1-propanol development during fermentation (Sonni et al., 2011). 
Hence, in most commercial wines, which use SO2 in winemaking, the prominence of 3-
ethoxy-1-propanol is diminished. 
2.4.2.10. Butyl compounds 
Butanol was significantly higher in Riesling seed-derived wines than Riesling flesh-
derived wines when the same amount of tissue was being fermented (Table 10). 
However, butanol was higher in Cabernet Sauvignon skin EW wines than in flesh-
derived EW wines (Table 14). In Riesling GP wines there was not a significant 
difference in butanol concentration between wines made from different tissues (Table 
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18). Cabernet Sauvignon flesh GP wines contained more butanol than skin- and seed-
derived wines, while skin-derived wines contained more butanol than those made with 
seeds (Table 22). Previous experiments where glucose was labelled with stable isotopes 
of carbon, 61.94 % of carbon in butanol produced during fermentation contained the 
label (Nisbet et al., 2014). This indicates that there is a significant contribution from 
grape hexoses, but that there is also a probable non-anabolic carbon source. However, 
an hypothesis for the identity of the catabolic source was not given (Nisbet et al., 2014). 
One possible way to explain this result is if half of the carbon skeleton comes from 
hexose, via anabolic production of butyryl-CoA, and the other half of the carbon 
skeleton comes from catabolism of the amino acid glycine. This pathway has already 
been shown to exist in Saccharomyces cerevisiae and predominates at the end of 
fermentation (Branduardi et al., 2013). Another suggested mechanism also involves half 
of the carbon skeleton coming from glycine, with the remainder coming from 
acetaldehyde (Mauricio et al., 1997). However, another study found that no 13C label 
from either exogenous glycine or threonine was incorporated into 1-butanol. Instead, 
13C labelled glucose provided the carbon for endogenous threonine and butanol (Si et 
al., 2014). Si and co-workers suggested that the increase in butanol when exogenous 
glycine is added is due to lowered alteration of endogenous threonine to glycine, thus 
providing a larger pool of threonine for conversion to butanol (Si et al., 2014). 
Exogenous threonine also resulted in increased butanol, and Si and co-workers 
suggested that the pool of endogenous threonine in the mitochondria will be increased 
by reduced transfer of threonine to the cytosol, owing to the fulfilment of cytosol 
threonine requirements by exogenous threonine (Si et al., 2014). This leaves the 
mystery of why butanol is enriched to a greater extent when yeast is grown in labelled 
hexose (Nisbet et al., 2014). The butanol content in these experiments may therefore be 
a function of the relative threonine and glycine profiles in the various tissues involved 
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in fermentation. In Cabernet Sauvignon, it seems that there would be a higher 
concentration of threonine or glycine in skin tissue than in flesh or seed tissues (Table 
14), but that flesh tissue provides more of the total threonine and glycine in 
fermentations of whole berries (Table 22). In Riesling, it seems that there would be a 
higher concentration of threonine and glycine in seed tissue than in flesh tissue (Table 
8), but that each tissue provides similar total amounts of threonine and glycine in 
fermentations of whole berries (Table 18). Butyl acetate is likely produced in yeast by 
reaction of butanol, produced by catabolism of threonine, and acetyl-coA, produced by 
an anabolic process. Regulation of the alcohol acetyl transferase pathway can produce 
variation in the amounts of acetate esters in wine (Verstrepen et al., 2003, Verstrepen et 
al., 2004). The relative abundance of the butanol substrate, as well as the abundance of 
acetyl-coA may also be determining factors in the content of butyl acetate, as similar 
relationships are seen in relation to hexyl acetate and octyl acetate (Dennis et al., 2012). 
Seed tissues had a higher concentration of factors that influence butyl acetate 
accumulation during fermentation. In Riesling, wines produced from 10 g of seed 
contained more butanol than wines made from 10 g of flesh, so this may have driven the 
higher butyl acetate seen in the same seed-derived wines. However, in Cabernet 
Sauvignon it would appear that there was not a higher concentration of butanol-
producing factors in seed tissue than in flesh tissue, so perhaps the acetyl-coA pool, or 
the regulation of the alcohol acetyl transferase pathway, was the limiting factor of butyl 
acetate abundance. Butyl acetate has fruity banana and ethereal odour descriptors and 
therefore may be a desirable compound to encourage in the aroma bouquet of some 
wines (Mosciano, 1999). 
2.4.3. Other compounds 
An interesting result from the volatile headspace analysis was that seeds could be a 
source of aroma compounds during fermentation, either by contributing precursors, or 
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by influencing the metabolism of yeast to produce and modify aroma compounds. 
Acetic acid, FAEE, phenylethyl esters, isoamyl esters, 3-ethoxypropanol, propyl 
acetate, butyl acetate, heptyl acetate, (E)-2-heptenal, 1-octen-3-ol and benzaldehyde in 
particular were associated with wines made from seeds. This could be by up-regulation 
of ester synthesising enzymes in yeast, down-regulation or inhibition of esterase, amino-
acid catabolism by yeast, and potentially, lipid-catabolism by yeast. 
Yeast utilizes a range of amino acids for carbon sources and in doing so, could 
produce a wide range of aroma compounds. These aroma compounds can also be 
produced by producing α-ketoacids from acetaldehyde anabolism. The reason for the 
production of these aroma compounds, and the utilization of amino acids, may be that 
yeast can control their redox environment by doing so, as reactions involve addition and 
removal of protons from NAD+ and NADP+. 
Phenol is present in grape juice (Duan et al., 2014). Perhaps it persists throughout 
fermentation. Phenol is also produced by yeast in model must that does not contain 
grape secondary metabolites, but increasing the grape juice content of model must 
increases the concentration of phenol in the resulting wine (Keyzers and Boss, 2010). 
2.4.4. Future work 
The results presented above suggest that the concept of fermenting different grape 
berry tissues is certainly informative in determining the potential for a certain tissue to 
contribute to the pool of volatile compounds in wine (EW experiment) and the actual 
contribution that tissue is likely to make in a normal fermentation (GP experiment). One 
drawback of the EW experiment in particular is the difficulty in getting skin and seed 
tissue from frozen berries, and meant that the amount of grape material used to 
supplement the model must (10 g in 50 mL) was limited. Ideally, if labour and time 
were not so restricted, the percentage of grape material in the fermentations would have 
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only been limited by the concentration of model must that could reasonably be used to 
equalise sugar and nitrogen and so higher concentrations of the volatile compounds 
would presumably be observed in the wines. Processes that are less intensive in 
separation of skin and seeds from frozen grape could allow future similar experiments 
to have more sensitivity to the contributions of different grape tissues to wine aroma. 
The work in this chapter could have been improved by quantitative measurement of 
the aroma compound concentrations. This would have allowed comparison of the aroma 
compound concentrations with those of fermentations in the literature. Acquiring 
quantitative values would have required construction of a standard curve for each 
measured aroma compound against an appropriate internal standard. However, this 
work was not carried out due to restraints on the time and money available. 
The usefulness of the work in this chapter could have been increased had a reliable 
semi-quantitative or quantitative profiling of the lipid composition and amino acid 
composition of the grape tissues been established. Combined with the work in this 
chapter, such data would have been able to help explore and confirm some of the 
hypotheses and questions outlined. With regard to the future work on lipid composition, 
Chapter 5 in this thesis provides some of the initial work for analysing the lipid 
composition of grape tissues, but does not reliably provide a quantitative or semi-
quantitative analysis of the lipidome. 
It would also be interesting to assess the variation between parcels of grapes from 
within the same vineyard, between grapes from different vineyards, between further 
grape varieties, between grapes at different stages of ripening, and between grapes from 
different vintages. 
Nevertheless, the knowledge gained from berry tissue specific experiments will 
assist many aspects of viticulture. For example, understanding the impact of grape berry 
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skin on both grape-derived and fermentation-derived wine volatiles could be 
informative for how alterations in berry size or berry skin thickness in the vineyard will 
ultimately effect wine composition. Furthermore, such experiments may be more 
sensitive in determining varietal differences in grape composition and the subsequent 
wines made from these grapes, or how management strategies effect grape composition. 
There is much management of light interception in the fruit zone in vineyards and it 
would be predicted that this would mainly affect the skin of the berries. Tissue specific 
experiments could also help predict effects of winemaking interventions, such as 
fermentation time on skins. 
It should be acknowledged that ‘real’ Riesling wine making involves fermentation 
of pressed juice, with the removal of skins and seeds at an early stage. Therefore, the 
volatile profiles of the skin and seed-derived wines in this study need to be tested 
against more traditional wine making practices. Despite the artificial conditions in 
which this study was carried out, the data seems to suggest that these tissues do have 
potential to influence wine volatile profiles. The results may also help determine 
optimum practise for a parcel of grapes in the winery. For example, the type and amount 
of pressing may influence extraction from skins and seeds which would influence wine 
volatile composition.  
The method of homogenisation is another aspect of the experimental method that 
will require investigation, as wineries would not get the same level of homogeneity 
from pre-fermentation treatment of grapes, and therefore may have lower levels of 
extraction from grapes of the factors that influence wine volatile profiles in this 
experiment. A future experiment in this vein could involve fermentation with and 
without the grinding of skins and seeds to see if it influences the wine volatile profile. 
The similarity in concentration of most compounds between the crushed and 
homogenised berry samples summarised in the PCA plots (Figure 7, Figure 8, Figure 11 
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and Figure 12) would suggest that they will be similar. This similarity could be due to 
the effective extraction from tissue of factors by carbonic maceration during 
fermentation. 
The tissue-specific effects on wine volatile composition described in this chapter 
will stimulate future experiments that will elucidate the cause of these differences. For 
example, one experiment that would follow on from this study is the measurement of 
amino acid distribution in the different grape tissues. This would provide a rationale that 
might explain the differences in volatile profiles of amino-acid derived compounds in 
wines that utilize different grape tissues. Another experiment that is needed to help 
explain results in this chapter is measuring the distribution and activity of acyl 
hydrolases in the different grape tissues. This may help explain the mechanisms by 
which lipid-derived volatiles compounds varied between wines made from different 
grape tissues. Furthermore, given that grape metabolites may alter yeast gene expression 
or biochemistry, there is a unexplored area of work that could be approached in a 
number of ways involving natural products chemistry and next generation sequencing or 
microarray analyses, or even more targeted analysis of specific genes or enzyme 
activities in the yeast and how they are altered by grape composition. 
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Chapter 3 - Fermentation-guided natural products 
isolation 
3.1. Introduction 
The work presented in this chapter forms the basis of the article “Fermentation-
Guided Natural Products Isolation of a Grape Berry Triacylglyceride that Enhances 
Ethyl Ester Production” published in Molecules (Blackford et al., 2018). 
Compounds from grapes can influence the wine volatile profile of wine in several 
ways. In some cases, the wine volatiles are present in grapes and need only persist 
throughout fermentation to be present in wine and require no further modification. 
Methoxypyrazines, for example, are produced by grapes of certain varieties and these 
compounds persists throughout fermentation (Dunlevy et al., 2013).  
 Other compounds are essentially present in grape tissues but require chemical or 
microbial modification to become wine volatile compounds. Glyco-conjugates of 
monoterpenoids and nor-isoprenoids have to be hydrolysed by acidic conditions or 
microbial enzyme activity in order for the portion of monoterpenoids or nor-isoprenoids 
in this bound form to be released (Wilson et al., 1986, Winterhalter et al., 1990, Ugliano 
et al., 2006).  
A third classification of wine volatiles are those produced by Saccharomyces 
cerevisiae and other microbes during alcoholic and malolactic fermentations. This does 
not necessarily mean that there is no influence of grape compounds on the concentration 
of these volatiles. 
 In cases where the precursors of wine volatiles are known, chemical or 
enzymatic reactions can be used to isolate or assay the precursor or transformed volatile 
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compounds. Other approaches involve mass spectrometry to identify wine volatiles and 
their precursors. Both approaches have disadvantages. Firstly, some volatile compounds 
may be altered by the assay or analysis conditions, and prior knowledge or assumptions 
about the possible alterations may be required. Secondly, specificity is limited, and 
some precursors to wine volatiles share structural similarity. An example would be 
glycosylated monoterpenoids, which behave similarly in enzyme assays, would have 
ambiguous mass spectra, and can be structurally altered by chemical and enzymatic 
conditions. A third disadvantage is that the assumptions about precursors can lead to 
measuring of compounds we did not expect or exclude compounds that might otherwise 
have been of interest. In the case of monoterpenoids, for example, there are plants that 
contain non-polar acylated monoterpenoid precursors in addition to polar glycosylated 
monoterpenoid precursors (Dunphy, 2006). The opposing polarities and solubilities of 
these two precursor classes could reflect different biological roles, for instance the non-
polar precursors could be a storage reservoir, while the polar precursors could be 
required for transporting precursors between different tissues or subcellular 
compartments. If it is assumed that only polar glycosylated monoterpenoids can be non-
volatile precursors of monoterpenoids, then an extraction that focused on polar 
compounds might fail to extract and detect potential non-polar acylated 
monoterpenoids. Furthermore, the assumptions could lead to assays that assess the 
potential aroma precursor compounds by the quantity only of the sugar that can be 
hydrolysed from the glycosidic fraction (Williams et al., 1995). Alternatively, if it is 
assumed glycosylated monoterpenoids are the only non-volatile precursors of 
monoterpenoids, then separation of grape components by volatility could lead to any 
monoterpenoids released by hydrolysis from the total non-volatile fraction, which 
possibly contains non-volatile non-polar monoterpenoid precursors being attributed 
instead to glycosylated precursors.  
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 Another example where these considerations might be applied is with precursors 
to volatile thiols. The currently proposed peptide and amino acid precursors have been 
the subject of a lot of research, but the contributions of known precursors do not fully 
account for the observations of the final volatile thiol concentrations. It could be the 
case that the concentration of these volatiles relies on correlations with other 
metabolites (Moonjai et al., 2002), but there is also the possibility that there are grape 
precursors that have not been anticipated, and therefore have not been identified. Other 
plants contain non-amino acid precursors of volatile thiols, such as alkanoate esters of 
polyfunctional volatile thiols and alkanoate esters of cysteinylated polyfunctional thiols 
(Starkenmann et al., 2007). 
 The potential for similar mass spectra is one driving factor behind using natural 
products separation and NMR to identify volatile compounds and their potential 
precursors (Strauss et al., 1987, Baltenweck-Guyot et al., 1996). Mass spectrometry is 
still used as part of the elucidation of the structure, but NMR can add extra information 
by identifying bulk or spectral features that are unique or absent, and may help resolve 
structural assignments that are otherwise ambiguous. Furthermore, the non-destructive 
nature of NMR analysis means that fractions can be screened for NMR spectral features 
of interest and further purified, and that isolated compounds can be identified from a 
small sample without losing material. The downsides are that full NMR data can take a 
considerable amount of time and money to obtain, only provides a profile of spectral 
features rather than measurements unique to a particular component, and is orders of 
magnitude less sensitive compared to Mass Spectrometry, requiring larger samples to be 
isolated before they can be screened. Furthermore, the isolation process itself adds to 
this time and cost (environmentally and financially) as the number of fractions to be 
screened can increase exponentially with the number of fractionation steps. 
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The current chapter fractionates grapes from Cabernet Sauvignon and Viognier 
varieties. The Cabernet Sauvignon grapes are from the same batch as investigated in 
Chapter 2. The main aroma compounds of interest are short and medium chain fatty 
acids and corresponding FAEE because FAEE are prominent aroma compounds that 
contribute to Cabernet Sauvignon quality, and the fatty acids are a possible precursor of 
the FAEE. Viognier is a white grape variety, and the aroma of the wine is sometimes 
characterised by stone-fruit aromas. While the aroma compound responsible for the 
stone-fruit aroma has not been conclusively identified, the current chapter investigates 
Viognier because some lactone compounds have stone-fruit aroma descriptors, and 
because lipid are possible precursors in pathways for the production of lactone 
compounds.  
3.1.1. Screening non-volatile fractions from grapes 
Screening can be done on fractions produced from a natural products separation 
approach in many ways. For example, unusual or targeted NMR spectral features may 
be the criteria to select fractions for further investigation. Alternatively, an enzymatic or 
chemical hydrolysis, followed by GC-MS analysis of released volatiles, may indicate 
that there are precursors susceptible to these conditions present in certain fractions. The 
downside to both screening methods is that they require assumptions about what is 
present in the grape. This can lead to the contributions of unexpected compounds to 
volatile formation being attributed to the expected precursors, or it can lead to the 
contributions of unexpected compounds being overlooked entirely. In the case of the 
formation of wine aroma compounds, the ideal assay-guided isolation would use 
fermentation and volatile analysis to identify fractions of grapes that may contain 
precursors of volatiles, or compounds that contributed in some other way to the 
accumulation of known wine volatiles. Theoretically, this process, of iterating 
fractionation and wine-making assay steps, should isolate compounds that contribute to 
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accumulation of known wine volatiles, without requiring judgments about what these 
compounds could be. GC-O or the aroma-guided isolation techniques of Pineau and co-
workers (Pineau et al., 2009), for example, could extend the reach of this technique to 
‘unknown’ aroma compounds that may not as yet have been identified. 
This chapter describes the application of the techniques of natural product isolation, 
guided by fermentation and GC-MS, to identify factors from grapes that influence wine 
volatile accumulation. It is expected that the method would be suitable for identifying 
compounds that contributed to the monoterpenoid and nor-isoprenoid content of wine, 
whether glycosylated, polyol, acylated or otherwise. The method would also be capable 
of identifying compounds in grapes that, while not being precursors to wine volatiles, 
nevertheless still influence the production or persistence of fermentation-derived 
aromas, such as fatty acid ethyl esters (FAEE). The procedures have been adapted from 
those developed by natural products chemists prospecting for bio-active compounds in 
marine organisms (West et al., 2000). 
3.1.2. Cyclic-loading technique  
The initial step, ‘cyclic-loading’, is suitable for narrowing down the mixture to non-
polar and mid-polar components, removing water, salts, sugars and other highly polar 
molecules. ‘Cyclic-loading’ involves passing the material, or extracted material, through 
a column of reversed-phase HP20 (poly(styrene−divinylbenzene), PS-DVB), diluting 
the eluent with water, and repeating each step several times. The result should be that 
the majority of mid-polar and non-polar compounds should be absorbed onto the 
column, and that the endogenous water and highly polar compounds should be 
removed. The column can then be eluted with mixtures of methanol, water or acetone to 
produce fractions of compounds with varying degrees of polarity.  
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3.1.3. Back-loading technique 
There is a difficulty of removing the solvent in fractions consisting of a mixture of 
water and organic solvents, which is that such mixtures are prone to ‘bumping’, 
explosive boiling, under reduced-pressure. This problem can be overcome by ‘back-
loading’; cyclic-loading of the fraction onto a second HP20 column and stripping with 
pure solvent and then removing the solvent from the fraction under reduced-pressure.  
3.1.4. Fermentation-guided isolation 
The fractions are screened by supplementing a synthetic model must with some of 
the fraction and fermenting the must. The volatile profile of the resulting wine is 
analysed by GC-MS and fractions for purification selected for their potential to 
influence accumulation of wine volatiles of interest. Further fractionation steps can be 
carried out on columns with different stationary phases, such as DIOL (a diol- 
functionalized silica material), depending on the anticipated properties of the 
compounds in the fraction. Proton NMR is used to survey fractions identified after a 
second round of fermentation-volatile analysis assays has been carried out on the second 
generation of fractions. Spectra that appear ‘clean’ have priority for identification by 
further NMR and mass-spectrometry analysis. A diagram representing the overall 
workflow is depicted in Figure 14. 
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Figure 14: Diagram depicting an example workflow for the isolation and screening carried out 
in this chapter. Steps in the stages depicted are: (1.) Grapes are crushed, and solids and juices 
separated. The solids are extracted with acetone, and the acetone extract is passed through an 
HP20 column. Then the pass-through is diluted with water and passed through the column 
again. The dilution and loading are repeated several times. Then the juice is passed through the 
column. The column is washed with water, which is discarded. (2.) Fractions are eluted off the 
HP20 column using sequential solvent mixtures of decreasing polarity. The fractions have 
solvent and water removed under vacuum. (3.) A portion of each fraction is spiked into its own 
model grape juice must, yeast is added and a wine is made from each model must. The 
headspace volatile profile of each wine is analysed by GC-MS. The GC-MS indicates certain 
fractions have potential for generating volatiles of interest (Cabernet Sauvignon, FAEE; 
Viognier gamma-lactones). These fractions are selected for further isolation, are dissolved in 
non-polar solvent, and loaded onto a DIOL normal phase column. (4.) Second-generation 
fractions are eluted off the DIOL column using sequential solvent mixtures of increasing 
polarity. The solvent is removed under vacuum. (5.) A portion of each second-generation 
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fraction is spiked into a small amount (<1mL) of model must, yeast is added and a wine is 
made. Again, the volatile profile is analysed with GC-MS and the fractions that corresponded 
to wines with the highest volatile of interest production selected. (6.) Fractions screened by 
proton NMR, purer fractions analysed with further NMR and MS experiments to identify 
components. Some components of fraction 25A from Cabernet Sauvignon identified. 
3.2. Methods and materials 
3.2.1. Experimental design 
The experimental setup began with extraction of whole grapes by juicing and 
extraction with organic solvent (acetone). The acetone/aqueous extracts were adsorbed 
onto an HP-20 reversed phase column using the cyclic-loading procedure and eluted 
with mixtures of acetone/water or ethyl acetate in order of decreasing polarity to 
generate several first-generation fractions. These fractions were sub-sampled so that 
each sub-sample contained the amount of that fraction that would theoretically have 
been collected if 50 grams of berries were extracted and fractionated. In order to assess 
the potential of the fractions to produce aroma compounds during fermentation, sub-
samples from the fractions were spiked into a model must and fermented, and the 
profile of aroma compounds in the head space of the model wines analysed by Head 
Space-Solid Phase Microextraction (HS-SPME) GC-MS (HS-GCMS). HS-SPME 
GCMS was used as it is somewhat analogous to smelling the head space of a wine, and 
also because it concentrates aroma compounds from the wine without requiring 
extraction with, and evaporation of, an organic solvent. Therefore, sub-samples of the 
fractions were dissolved in acetone/water and each added to a different flask with 50 
mL of model must and then fermented so that a model wine was made for each fraction. 
The fractions that produced volatiles of interest based on HS-SPME GCMS of the 
fermented wines were selected for further investigation. The fractions selected were 
separated using a second partially solid phase chromatography technique that was 
partially orthogonal to the first HP20 reversed phase solid phase chromatography in 
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order to provide some separation of compounds that eluted together in the first round of 
separation. Therefore, the selected fractions were each loaded on their own DIOL 
column, and eluted with various solvent mixtures of increasing polarity to produce the 
second generation of fractions. The second generation of fractions were screened by 
micro-fermentation of a small-subsample in a small amount of model must and 
analysing the resulting wine by HS-SPME GC-MS. Those fractions that were associated 
with higher relative concentrations of wine volatiles of interest were surveyed by proton 
NMR. The proton NMR gave an indication of the bulk structural features and diversity 
of compounds contained in the fractions. Identification of some fraction components 
was then carried out with further NMR and MS experiments to provide complementary 
structural information for the structural elucidation. 
3.2.2. Chemicals 
Water was deionised and purified with a MilliQ water system. Chromatographic 
quality acetone, acetonitrile, ethyl acetate, hexane and methanol were purchased from 
Merck (Adelaide, Australia). Diaion HP-20 poly(styrene-divinylbenzene) (PS-DVB) 
beads and diol-functionalised silica gel (DIOL, 45-75μm particle size, SA ~300 m2/g) 
were purchased from Sigma Aldrich (Castle Hill, Australia). The compounds for 
preparation of model must were purchased from Sigma-Aldrich (Castle Hill, Australia) 
and were not modified prior to must preparation. 
3.2.3. Plant material 
Cabernet Sauvignon bunches were hand-picked in 2010 at maturity (14 weeks post 
flowering) from a vineyard in Willunga, South Australia. Viognier bunches were hand-
picked in 2012 at maturity (14 wpf) from a commercial vineyard in Eden Valley, South 
Australia. Bunches were transported to the laboratory in ice-cooled containers, and then 
were settled on the stems overnight at 4 degrees before being de-stemmed by hand and 
flash-frozen by immersion in liquid nitrogen and stored in a freezer at -40 °C. 
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3.2.4. Fractionation and screening 
3.2.4.1. Extraction 
3.2.4.1.1. Cabernet Sauvignon extraction 
A 1.35 kg sample of frozen Cabernet Sauvignon berries was crushed in a 5 L 
Waring blender and 500 mL acetone was added to the crushed material. The material 
was extracted for 24 hours at room temperature (about 22 °C). The supernatant was 
filtered through filter paper and stored in the absence of light at room temperature 
(extract xCS-1). The remaining solids were extracted with a further 250 mL of acetone, 
the supernatant filtered and stored (xCS-2). A third extraction of the grape solids was 
conducted with 250 mL acetone and the supernatant filtered and stored (xCS-3). 
3.2.4.1.2. Viognier extraction 
A 10 kg sample of frozen Viognier grapes was thawed, and the grapes pressed to 
remove the free run juice, which was filtered from the solids and set aside (xV-1). The 
remaining solids were extracted for 24 hours at room temperature with 1.5 L acetone 
and re-extracted twice more with 1.5 L acetone each time to give three filtered acetone 
extracts (xV-2, xV-3 and xV-4). A fifth Viognier extract was made by extraction of the 
remaining solids with 1 L ethyl acetate overnight, filtering and storing, then re-
extracting with 1 L hexane overnight, filtering and combining the supernatant with the 
ethyl acetate extraction (xV-5). 
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3.2.5. Cyclic loading on HP-20 
3.2.5.1. Loading Cabernet Sauvignon extracts 
The Diaion HP-20 beads (PS-DVB) were loaded into a glass chromatography 
column, which was pre-equilibrated with three column volumes of each of water, 
methanol and acetone. For the Cabernet Sauvignon extracts a column with 250 mL of 
HP-20 beads was used, while for the Viognier extracts a column with 800 mL of HP-20 
was used. The xCS-2 and xCS-3 extracts were combined and passed through the 
Cabernet Sauvignon column. The collected eluent (500 mL) was diluted with 500 mL of 
water and this was passed through the column. The diluted eluent was then passed 
through the column, and the resulting eluent was diluted to about 25 % acetone. The 
xCS-1 extract was then diluted to an acetone concentration of approximately 25 %, and 
this was passed through the same column. The xCS-1 eluent was then combined with 
the diluted xCS-2 and xCS-3 eluents, and the combined eluent diluted to an acetone 
concentration of about 10 % and passed through the column one final time.  
3.2.5.2. Loading Viognier extracts 
The Viognier extracts; xV-2, xV-3 and xV-4, were cyclic-loaded onto the Viognier 
HP-20 column by a similar process of serial dilution as that performed for Cabernet 
Sauvignon above, with the concentration of acetone in the final supernatant passed 
through the column being about 10 % in each case. Then the free run juice (xV-1) was 
passed through the column. 
3.2.6. Fractionation of extracts 
Each HP-20 column was washed with three column-volumes of water, followed by 
sequential elution with three column-volumes of each of 20 %, 40 %, 60 %, 80 % 
aqueous acetone, followed by 100 % acetone and finally 100 % ethyl acetate. Each 
eluted solvent portion was collected separately.  
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3.2.6.1. Fractionation of Cabernet Sauvignon extract 
The Cabernet Sauvignon fractions were designated with the following 
abbreviations: 20 % acetone (aq), CS20; 40 % acetone (aq), CS40; 60 % acetone (aq), 
CS60; 80 % acetone (aq), CS80; 100 % acetone, CS100; 100 % ethyl acetate, CSE. 
Sub-samples of each were separated and organic solvent removed under reduced 
pressure and water removed by freeze-drying to provide dry material from each 
fraction. The sub-samples from the CS100 and CSE fractions were combined prior to 
solvent removal and designated as CS100+E. The dried sub-samples were redissolved 
in 12 mL of 1:1 sterilized water/acetone immediately prior to the fermentation 
experiments. 
3.2.6.2. Second generation fractionation on DIOL of Cabernet Sauvignon 
fractions 
Supelco Diol-functionalized spherical silica gel (40-75 µm particle size, pore size 
110 Å, surface area ~300 m2/g, Sigma-Aldrich, Castle Hill, Australia) was transferred to 
glass chromatography columns and pre-equilibrated with n-hexane. The fractions to be 
separated were each loaded onto a DIOL column in hexane. The second generation of 
fractions were produced by eluting compounds adsorbed onto the column with three 
column volumes of each solvent mixture of increasing polarity. The compositions of 
solvents used to generate fractions were;  
1. 100 % hexane, 
2. 5:95 ethyl acetate:hexane, 
3. 10:90 ethyl acetate:hexane, 
4.  15:85 ethyl acetate: hexane, 
5. 20:80 ethyl acetate:hexane, 
6. 25:75 ethyl acetate:hexane, 
7. 30:70 ethyl acetate:hexane, 
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8. 50:50 ethyl acetate:hexane, 
9. 100 % ethyl acetate, 
10. 5:95 acetonitrile:ethyl acetate, 
11. 10:90 acetonitrile:ethyl acetate, 
12. 15:85 acetonitrile:ethyl acetate, 
13. 20:80 acetonitrile:ethyl acetate, 
14. 25:75 acetonitrile:ethyl acetate, 
15. 30:70 acetonitrile:ethyl acetate, 
16. 50:50 acetonitrile:ethyl acetate, 
17. 100 % acetonitrile, and  
18. 100 % methanol.  
Prior to elution with a solvent the solvent was used to rinse the flask that the 
first-generation fraction had come from and this rinse solvent was loaded onto the 
column before the remainder of the elution solvent was applied. The second 
generation of fractions had organic solvent removed under reduced pressure 
followed by freeze-drying. 
3.2.6.3. Fractionation of Viognier extract 
The Viognier fractions were designated with the following abbreviations: water 
wash, VW; 20 % acetone (aq), V20; 40 % acetone (aq), V40; 60 % acetone (aq), V60; 
80 % acetone (aq), V80; 100 % acetone, V100; 100 % ethyl acetate, VE. The un-
fractionated ethyl acetate and hexane extract was designated as VH.  
3.2.7. Preparation of model grape juice must 
The model grape juice must (MGJM) was prepared according to the protocol of 
Dennis and co-workers, without modification (Dennis et al., 2012). One litre of model 
must was prepared containing D-Glucose (120 g/L), D-fructose (120 g/L), 5 g/L D/L-
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malic acid, 5 g/L tartaric acid, 0.2 g/L citric 140 acid, 1.7 g/L yeast nitrogen base 
(YNB) without ammonium sulphate (MP Biomedicals, Santa Ana, CA, USA), 8 g/L 
Synthetic Complete (Hopkins) amino acid supplement mixture and 0.3 g/L NH4Cl in 
deionized water. The pH of the resulting medium was corrected to 3.20 by addition of 
KOH and then sterilized by filtering prior to use (0.20 µm disposable sterile filter units, 
Nalgene, Rochester, USA). 
3.2.8. Yeast 
The yeast starter cultures were prepared by adding approximately 250 mg of yeast 
(EC118, Prise de Mousse, AB Mauri, Australia) to 25 mL of MGJM and incubating 
overnight at 28 °C with constant agitation. Before using to initialize fermentation, the 
yeast starter culture was centrifuged (10 minutes, 4000 rpm), and the pellet re-
suspended in 20 mL sterile water. The centrifuging and wash processes were repeated 
twice more and then the re-suspended yeast diluted to a concentration that had an 
absorbance value of 1.0 at 600 nm. 
3.2.9. Fermentation of HP-20 fractions 
All fermentations contained 50 mL of MGJM in 150 mL glass conical flasks and 
were prepared under sterile conditions. The Cabernet Sauvignon or Viognier fractions 
sub-sample materials were added to the model must dissolved in 2 mL of 1:1 
acetone/sterile water. The xV5 extract was also sub-sampled and fermentations prepared 
with this material as a supplement. Fermentation was commenced by addition of 1 mL 
of yeast starter culture. Air-locks (containing sterile water) were then used to seal the 
flasks so that an anaerobic environment would form. For each fraction three separate 
fermentations were conducted to produce replicate model wines. Fermentation was 
halted by centrifugation (5 minutes, 4000 rpm) once mass loss stabilized. The clarified 
wines were then stored in glass at 4 °C prior to analysis. 
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3.2.10. Micro-fermentation of DIOL fractions 
One mg of each “second generation” fraction eluted from the DIOL columns of the 
initial fractionated Cabernet Sauvignon extract were added to 2 mL Eppendorf tubes in 
1 mL acetone and the organic solvent was removed under reduced pressure. One mL of 
model must was then added to each Eppendorf tube, along with 0.1 mL of OD 600 yeast 
starter in sterile water. The Eppendorf lids were pierced in three places to allow pressure 
be released during fermentation. Wines had yeast removed by centrifuging when mass 
loss ceased.  
3.2.11. HS-SPME and GC-MS 
3.2.11.1. Preparation of fermented wines for analysis of volatiles 
 
HS-SPME-GCMS was used to analyse the volatile constituents of the wines produced 
from the fermentation of model must supplemented with the fractions. For the 50 mL 
fermentations, 5 mL aliquots of wine were added to a 20 mL SPME vial with 5 mL 
water and 3 g NaCl. The samples were spiked with 10 µL of a methanolic internal 
standard mixture containing 9.20 μg of D13-hexanol prior to analysis. The 10 µL of 
internal standard that was added to the Viognier wine samples also contained 9.30 μg of  
D11-hexanoic acid and 61.2 ng of methyl nonanoate.  
3.2.11.1.1. Sample preparation of micro-fermented wines 
A 0.5 mL aliquot of micro-fermented wine and 0.5 mL of water were added to a 10 
mL SPME vial with 0.3 g of NaCl. Ten microlitre aliquots of internal standard mixture 
in methanol (9.20 μg D13-hexanol, 9.30 μg D11-hexanoic acid and 61.2 ng of methyl 
nonanoate) were added to each vial prior to capping and headspace volatiles were 
analysed by SPME-GC-MS in random order. 
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3.2.11.1.2. Preparation of unfermented fractions for analysis of volatiles 
HS-SPME analysis was also carried out on unfermented Cabernet Sauvignon extract 
fractions to determine whether volatiles measured in wine headspace formed during 
fermentation or whether they had simply persisted unmodified during fermentation. The 
fractions (mass approximating that extracted from 10 g of berries) were added to 5 mL 
of model wine (12 % ethanol (aq) with 2 g/L potassium hydrogen tartrate, pH 3.69) and 
diluted with 5 mL water and 3 g NaCl in a 20 mL SPME vial. The samples prepared in 
this way were spiked with 9.20 μg of D13-hexanol prior to analysis. 
3.2.11.2. HS-SPME conditions, chromatography and mass spectrometry 
SPME-GCMS was carried out on an Agilent Technologies 7890A gas 
chromatograph equipped with a Gerstel MP2 auto-sampler and attached to an Agilent 
5975C mass spectrometer. The chromatographic and mass spectrometry conditions used 
were identical to those reported by Dennis and co-workers (Dennis et al., 2012).  
The auto sampler was run in SPME mode with a 2 cm, 23-gague, 50/ 30 µm DVB-
CAR-PDMS fibre (Supelco, Bellefonte, PA) for extraction of volatiles from the 
headspace. The extraction was carried out at 40 °C for 30 minutes while agitating (250 
rpm). A ZB-Wax column (30 m long, internal diameter of 0.25 mm, film thickness of 
0.25 µm) was used for chromatography, with 1.2 mL/minutes constant flow of helium 
as a carrier gas. Desorption of extracted volatiles from the fibre occurred in the GC inlet 
at a temperature of 220 °C for 1 minute. The temperature gradient for separation of 
volatiles was performed as follows: 40 °C for 1.5 minutes, increasing at 7 C/minute to 
245 °C, then isothermally held at 245 °C for 4.5 minutes. The transfer line connecting 
the GC and MS was held at 250 °C. Electron impact (70 eV) spectra were collected in 
positive-ion mode and recorded in scan mode at a scan rate of 4.45 scans/s across a 
range of m/z 35 to m/z 350.  
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3.2.12. Volatile identification and statistical analysis 
3.2.12.1. Cabernet Sauvignon HP-20 fraction wines 
The compound identification and calculation of relative peak areas of volatiles in the 
Cabernet Sauvignon HP-20-fraction supplemented wines was carried out as described 
by Keyzers and co-workers (Keyzers and Boss, 2010); volatiles were identified by 
matching both mass spectra and linear retention indices (calculated with respect to 
retention time of a series of linear alkanes ranging from C8-C26) with a laboratory 
generated library of 328 compounds as well as the NIST-05a and Wiley 7th edition 
mass spectral libraries. The extract peak area of the quantifier ions for each identified 
component were normalised by the extracted peak area of the quantifier ion of D13-
hexanol spiked into each sample. A one-way ANOVA (SPSS 16.0, SPSS Inc, Chicago, 
IL) was applied across each normalised peak area for each of the identified volatiles. 
Means that were not detected as being significantly different (ANOVA, p > 0.05) were 
removed from further analysis. Detected significant differences of particular volatiles 
were followed up by Duncan’s multiple range tests to detect significant differences (p < 
0.05) between the specific wines.  
3.2.12.2. Viognier HP-20 fraction wines and Cabernet Sauvignon DIOL 
fraction mini-wines 
The identification of compounds in the DIOL-fraction supplemented wines and in 
the Viognier fraction supplemented wines were carried out using the same mass spectral 
libraries as above and the retention indices as described above (Section 3.2.12.1), but 
were identified through AMDIS, and peak areas recalculated from the original data 
using an R package (R 3.0.2, R core Team); Metab (Aggio et al., 2011). Extracted ion 
peak area normalisation of volatiles containing alcohol functional groups were 
performed against the extracted ion peak area of D13-hexanol, while D11-hexanoic acid 
was used for volatiles containing a carboxylic acid moiety. Methyl nonanoate was used 
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to normalise extracted peak areas for remaining identified volatile compounds. One-way 
ANOVA was performed on the volatiles from the Viognier fraction-wines using R. 
Volatiles for which significant differences (p < 0.05) were detected were tested for pair-
wise significant differences (p<0.05) between treatments with the Tukey’s Honestly 
Significant Difference (HSD) through the agricolae R package (Mendiburu, 2014). 
3.2.13. Characterisation of fractions 
3.2.13.1. NMR spectrometry 
1H, 13C, COSY, HSQC and HMBC spectra were collected on a 600 MHz Bruker 
NMR spectrometer in deuterated chloroform in a 5 mm diameter NMR tube. 1H NMR 
was collected in order to assess the structural environment of the protons. 13C NMR was 
collected in order to assess the structural environment of the carbons. HSQC was 
carried out to assess the connectivity of protons to carbons. COSY and HMBC were 
collected in order to be able to elucidate structure through cross peaks representing 
longer range interactions between sets of protons (COSY) or protons with carbons 
neighbouring carbons the carbons they were attached to (HMBC). 
3.2.13.2. High-resolution mass spectrometry 
High-resolution Mass Spectrometry was performed by an external service provider, 
Flinders Analytical, to indicate the molecular formula for the major component of a 
purified fraction. HR-MS was on a Waters Synapt HDMS in positive ion mode across a 
mass range of 100-1000 m/z. Electrospray ionisation was used with infusion. The 
sodium adduct of raffinose at m/z 527.1588 was used for a lock mass signal.  
3.2.13.3. LC-MS-MS  
High resolution Liquid Chromatography MS-MS was developed and carried out to 
separate out components in the fraction and provide sensitive untargeted structural data 
across a wide m/z range for the components following fragmentation of the quasi-
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molecular ion. The liquid chromatography was carried out in an LC30AD (Shimadzu) 
with an Ascentis C18 column (Sigma Aldrich, St. Louis, Missouri, USA) with 
dimensions 2.1 x 15 mm and 2.7 µm particle size. The column was held at 35 °C with a 
CTO-20A column oven (Shimadzu), with an elution profile, using two mobile phases, 
modified from the method of Bird and co-workers (Bird et al., 2013). Mobile phase A 
contained 40 % acetonitrile and 60 % water, with a total concentration of 7.5 mM 
ammonium formate. Mobile phase B contained 10 % acetonitrile and 90 % isopropanol, 
and also had a total concentration of 7.5 mM ammonium formate. The elution profile 
was: 1.5 minute at 32 % B, then increasing linearly to 45 % B over 2.5 minutes, then to 
52 % B over 1 minute, followed by an increase to 58 % B over three minutes. The 
elution solvent was composed of 66 % B by 11 minutes and 70 % B three minutes later, 
followed by a gradient increasing to 75 % over four minutes. In a departure from the 
method of Bird, the elution profile was extended and the gradient flattened after this, 
increasing to 97 % B at 31 minutes and isocratically held at 97 % for four minutes. The 
flow-rate was 260 μL/minute. 
Positive-ion mode ESI MS-MS spectra were collected on an ABSciex QTOF 5600 
mass spectrometer with DuoSpray Ion Source operating at 550 °C. A TOF scan cycle 
was used to screen for precursor m/z candidates for MS-MS experiments (1700 
millisecond scan cycle from m/z 100 to 1200 with a collision energy set at 10 (eV)). The 
information dependent acquisition mode was used with an m/z threshold of 200 counts 
per second within 50 mDa m/z in the TOF scan. Precursor m/z with intensity above this 
threshold would trigger collection of MS-MS spectra centred on the triggering precursor 
m/z. The MS-MS spectra of collision energy spread of 30 +/-15 and fragments collected 
from m/z 50 to 1200 with a pulser frequency of 16.913 kHz. 
150 
3.3. Results 
3.3.1. Fractionation 
3.3.1.1. Cabernet Sauvignon extraction and HP-20 fractions 
A 1.35 kg sample of Cabernet Sauvignon grapes was extracted and fractionated on a 
HP-20 column. Nineteen grams were eluted from the HP-20 column of the Cabernet 
Sauvignon extract. Half of the mass eluted from the HP20 column was present in the 40 
% acetone fraction. The 20 %, 60 % and combined acetone/ethyl acetate fractions each 
had approximately 10 to 14 % of the total mass collected. A sub-sample representing 
the amount of the fraction that would have been contained in 50 g of grapes was 
screened by a GC-MS analysis of the wine produced by supplementing model must with 
each fraction. For the 40 % fraction, this was about 250 mg per 50 mL of model must, 
while the rest of the fermentations had about 20-30 mg of each other fraction added per 
50 mL of model must. 
The fractions are tabulated below (Table 23), along with the amount of each fraction 
that was added to each 50 mL replicate in the first round of fermentation screening to 
emulate the contribution of that fraction from 50 g worth of grapes. About 10 g of 
berries worth of each fraction was spiked into model wine solution (i.e. a fifth of that in 
the last column of Table 23) and the volatiles analysed by HS-SPME. No new volatile 
compounds were detected in any of the model wine solutions spiked with unfermented 
fractions compared to the model wine control. 
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Table 23: Fractions of Cabernet Sauvignon extract generated by elution from an HP-20 column 
and mass added to simulate 50 g of berries. Abbreviations: CS20, 20 % Aqueous Acetone; CS40, 40 
% Aqueous Acetone, CS60, 60 % Aqueous Acetone; CS80, 80 % Aqueous Acetone; CS100+E, 100 
% Acetone Fraction combined with 100 % Ethyl Acetate Fraction. 
Fraction Eluted mass Mass added to each 50 mL screening fermentation 
CS20 2.98 g 186.6 mg 
CS40 4.05 g 253.3 mg 
CS60 0.67 g 41.6 mg 
CS80 0.56 g 35.0 mg 
CS100+E 0.56 g 35.0 mg 
Total 8.82 g  
 
3.3.1.2. Cabernet Sauvignon DIOL fractions 
The acetone (CS100) and ethyl acetate (CSE) fractions from Cabernet Sauvignon 
were further fractionated, each on a separate DIOL column. A 277.7 mg subsample of 
the dried CS100 fraction was loaded onto a 10.9 g (21 mL) DIOL column (3.6 % w/w 
loading) in n-hexane. Fractions were collected from each column with three column 
volumes of a series of increasingly polar solvent mixtures (shown in Table 24). The 
flask was rinsed with each solvent that was used, and the rinse solvent was loaded onto 
the column before the rest of the solvent was used for elution.  
Table 24: Fractionation of CS100 and CSE on DIOL columns. 
Elution solvent 
composition 
Fraction 
name 
Collected 
DIOL 
fractions of 
CS100 (mg) 
Mass added 
to 1 mL 
micro-
fermentation 
(mg) 
 Fraction 
name 
Collected 
DIOL 
fractions of 
CSE (mg) 
Mass added 
to 1 mL 
micro-
fermentation 
(mg) 
100 % hexane - 0.0 -  25A 31.6 1.0 
5 % EtOAc (in 
hexane) 
23B 34.6 1.0   25B 0.0 - 
10 % EtOAc 23C 59.4 1.0  25C 12.5 1.0 
15 % EtOAc 23D 27.1 1.0  25D 19.5 1.0 
20 % EtOAc 23E 23.9 1.0  25E 19.2 1.0 
25 % EtOAc 23F 18.5 1.0  25F 21.8 1.0 
30 % EtOAc 23G 11.1 1.0  - - - 
50 % EtOAc 23H 20.6 1.0  25H 24.4 1.0 
100 % EtOAc 23I 13.4 1.0  25I 25.6 1.0 
5 % CH3CN (in 
EtOAc) 
23J 4.6 1.0  25J 10.3 1.0 
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Elution solvent 
composition 
Fraction 
name 
Collected 
DIOL 
fractions of 
CS100 (mg) 
Mass added 
to 1 mL 
micro-
fermentation 
(mg) 
 Fraction 
name 
Collected 
DIOL 
fractions of 
CSE (mg) 
Mass added 
to 1 mL 
micro-
fermentation 
(mg) 
10 % CH3CN 23K 24.5 1.0  25K 7.1 1.0 
15 % CH3CN 23L 1.1 1.1  25L 67.5 1.0 
20 % CH3CN 23M 13.5 1.0  25M 3.0 1.0 
25 % CH3CN 23N 26.4 1.0  25N 1.8 1.0 
30 % CH3CN 23O 7.0 1.0  25O 2.0 1.0 
50 % CH3CN 23P 0.5 0.5  25P 2.9 1.0 
100 % CH3CN 23Q 0.2 0.2  25Q 1.6 1.0 
100 % MeOH 23R 7.9 1.0  25R 9.0 1.0 
        
Total mass 
recovered (mg) 
 294.5    270.2  
        
Initial mass  277.7    188.9  
The sum of mass of the fractions collected was 294.5 mg. A second, 5.2 g (10 mL), 
DIOL column was loaded with 188.9 mg of the dried CSE fraction (2.5 % w/w 
loading), also in n-hexane. The sum of mass of the fractions collected from the CSE 
DIOL column was 270.2 mg. 
3.3.1.3. Viognier extraction and HP-20 fractions 
Ten kilograms of frozen Viognier grapes were defrosted and pressed, with the juice 
being filtered and set aside. The remaining solids were extracted 5 times with 1.5 L 
acetone, and the acetone extracts combined. Then the solids were extracted with 1.5 L 
ethyl acetate and then 1.5 L hexane and the extracts combined. The acetone extracts 
were absorbed (cyclic-loading) onto an 800 mL, pre-equilibrated HP20 column, with 
the final loading pass containing an acetone concentration of 12.5 % in water. Then the 
pressed juice was passed through the same column. Collection of the wash of the HP-20 
column with water prior to elution with mixtures containing acetone yielded over 150 g 
of material once the fraction was dried. The acetone extraction was fractionated on HP-
20, with most of mid-polar metabolites eluting in the 40 % acetone and 100 % acetone 
fractions, while the ethyl acetate elution of the column only yielded a small amount of 
material after solvent removal (Table 25). More than 10 g of dried material was 
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contained in the combined extractions of the grape solids with ethyl acetate and hexane 
after the acetone extractions had been collected.  
Table 25: Fractions of Viognier extract generated by Elution from an HP-20 Column and column 
and mass added to simulate 50 g of berries. Abbreviations: VW 100 % water wash of HP-20 
column after cyclic loading; V20, 20 % aqueous acetone; V40, 40 % aqueous acetone, V60, 60 % 
aqueous acetone; V80, 80 % aqueous acetone; V100, 100 % acetone; VE, 100 % ethyl acetate 
fraction; VH, combined extract of solids with ethyl acetate and hexane after acetone extractions. 
Fraction/ extract Eluted mass 
(dried, g) 
Mass added to each 50 mL 
fermentation replicate for screening 
HP-20 fractions of acetone fractions   
VW 168.989 g NA 
V20 2.486 g 12.4 mg 
V40 8.167 g 40.8 mg 
V60 3.339 g 16.7 mg 
V80 3.091 g 15.5 mg 
V100 9.758 g 48.8 mg 
VE 0.358 g 1.7 mg 
   
Other extracts   
VH 10.259 g 51.3 mg 
   
The V20 and V40 fractions were analysed for their total sugar content (glucose and 
fructose). The dried V20 fraction contained 8.8 g of sugar per 100 g, while the V40 
fraction contained 7.4 g per 100 g. Considering that only 10 to 40 mg of fraction, 
containing up to 0.3 mg sugar, was added to each 50 mL fraction, the sugar contribution 
of the fractions was swamped by the sugar content of the model must itself (12,000 mg 
per 50 mL).  
3.3.2. Fermentation and volatile analysis 
3.3.2.1. Cabernet Sauvignon HP-20 fraction supplemented model must 
The fermentations completed in a similar timeframe and had yeast removed at 14 
days after inoculation. The relative peak areas of several wine volatiles are tabulated in 
Table 26. The FAEE concentrations were 1.8 to 14.5-fold greater in the CS100+CSE 
wines than the concentrations in the control wines, for ethyl octanoate and ethyl 
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dodecanoate, respectively. The concentrations of FAEE were also significantly elevated 
in CS40 and CS80 wines relative to the control wines. Ethyl octanoate was significantly 
more concentrated in all wines with made with a grape extract-supplemented must than 
in wines made from model must without extract supplements. The volatile fatty acids 
tended to be most concentrated in wines made from musts with mid-polar fractions of 
Cabernet Sauvignon grape extracts. The linear chain alcohols, 1-heptanol and 1-octanol, 
were most concentrated in the wines fermented with CS100+CSE fractions, whereas 1-
decanol was most concentrated in the CS60 and CS80 wines, despite elevated 
concentration of this compound also observed in the CS100+CSE wines compared to 
the control wines. Any grape extract fractions, added to must which was fermented to 
produce wines, resulted in elevated concentrations of 1-heptanol, compared to the trace 
amount found in the control wines. In addition to the large concentration of 1-octanol in 
CS100+CSE wines, CS80 wines were observed to have an octanol concentration more 
than four times greater than that in the control wines. The acetate esters of the alkanols 
were not detected in large concentrations in the control wines or any of the CS20, CS40 
or CS60 wines. Both heptyl acetate and octyl acetate were detected in both CS80 and 
CS100+CSE wines, but with significantly greater concentrations of each in the latter 
wines. The monoterpenoids linalool and nerolidol were most concentrated in CS40 
wines, with the concentrations of each monoterpenoid in this wine being about twice 
that of the control wines. Significantly elevated concentrations of linalool were also 
observed in CS20, CS60 and CS80 wines, relative to the control wines, while CS20 and 
CS60 wines contained significantly higher concentrations of nerolidol than the control 
wines. The nor-isoprenoid damascenone was only detected in substantial quantities in 
the CS20 wines. 
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Table 26: Relative peak area of volatile in wine made by fermenting model must supplemented with 
Cabernet Sauvignon extract fractions 
  mean, n=3 
 Control CS20 CS40 CS60 CS80 CS100+CSE 
alkanols       
1-heptanol tr 0.013C 0.0077C 0.010C 0.20B 0.55A 
1-octanol 0.014CD 0.014CD 0.011D 0.023C 0.060B 0.11A 
1-decanol 0.021C 0.027C 0.022C 0.054A 0.051A 0.039B 
       
acetate esters      
heptyl acetate nd nd tr tr 0.018B 0.032A 
octyl acetate nd nd nd nd 0.0052B 0.0081A 
       
fatty acids      
octanoic acid 0.60D 1.1BC 1.5A 1.0BC 1.2AB 0.83CD 
decanoic acid 0.22C 0.49BC 1.2A 0.76B 0.75B 0.22C 
dodecanoic acid nd tr 0.0084A 0.0071A 0.0076A tr 
       
fatty acid ethyl 
esters     
ethyl octanoate 3.5C 5.4B 7.9A 5.1B 6.1B 6.1B 
ethyl decanoate 1.2C 2.3C 3.6B 1.8C 3.3B 6.9A 
ethyl dodecanoate 0.065C 0.13C 0.25B 0.12C 0.26B 0.94A 
       
monoterpenoids      
linalool 0.0051E 0.0083C 0.010A 0.0091B 0.0067D 0.0032F 
nerolidol 0.029D 0.063B 0.073A 0.050C tr nd 
       
nor-isoprenoids      
damascenone nd 0.0057 tr nd nd nd 
 
3.3.2.2. Cabernet Sauvignon DIOL fraction supplemented model must 
The micro-fermentations completed in 7 days post-inoculation. The relative peak 
areas of selected wine volatiles in the control wines and in the five wines that had the 
highest total FAEE concentrations are tabulated in Table 27. Each of the tabulated 
wines had large increases in the concentrations of the alkanols (hexanol, octanol and 
nonanol), ethyl octanoate and ethyl decanoate and α-terpineol relative to the control 
wines. The wines that had the highest concentration of α-terpineol (derived from 25P 
supplemented fermentations) also contained detectable concentrations of α-terpinyl 
acetate. Wines made with fractions 25A, 23B, 25P or 25O had significantly higher 
concentrations of ethyl hexanoate than the control wines, while the wines made with 
supplements of fractions 25P or 25O also had increases in the concentration of ethyl 
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dodecanoate relative to the control wines. The volatile fatty acids were not elevated in 
the tabulated wines made from fraction-supplemented musts compared to the control 
wines, instead tending to have low to average concentrations, compared to the control 
wines, of each of the volatile fatty acids analysed. 
Table 27: The relative peak areas of wine volatiles in a selection of wines made with supplements 
from the second generation of fractions from Cabernet Sauvignon grape extract. Relative peak 
areas of fraction-supplemented samples represent a single replicate, while the mean of three 
replicates is reported for the control wines (no grape extract supplement). Values that are greater 
than the control mean plus twice the control standard deviation are emphasised in bold. 
 top five total FAEE-producing fractions   
 23J 25A 23B 25P 25O  
control (± 
stdev) 
alkanols        
1-hexanol 1.29 0.0477 0.122 0.0358 0.0715  
0.00399 (± 
0.00019) 
1-octanol 0.0216 0.0363 0.158 0.0325 0.0397  
0.00254 (± 
0.00017) 
1-nonanol 0.00602 0.0344 0.0236 0.0215 0.0169  
0.00178 (± 
0.000086) 
        
fatty acids       
hexanoic acid 1.11 0.720 1.03 0.877 0.976  1.60 (± 0.11) 
octanoic acid 3.07 2.51 3.82 3.77 3.42  2.92 (± 0.32) 
decanoic acid 0.162 0.119 0.147 0.223 0.147  0.405 (± 0.145) 
        
fatty acid ethyl 
esters      
ethyl hexanoate 0.0775 0.188 0.136 0.170 0.122  
0.0559 (± 
0.0124) 
ethyl octanoate 0.781 0.642 0.552 0.478 0.441  
0.0882 (± 
0.0226) 
ethyl decanoate 0.995 0.246 0.186 0.176 0.244  
0.0195 (± 
0.0031) 
ethyl 
dodecanoate 
0.0500 0.0429 0.0444 0.0889 0.0667  
0.0492 (± 
0.0103) 
        
monoterpenoids       
α-terpineol 0.0176 0.0447 0.0302 0.118 0.0775  nd 
α-terpinyl 
acetate 
nd nd nd 0.00437 nd  nd 
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3.3.2.3. Viognier HP-20 fraction supplemented model must 
The fermentations, supplemented with HP-20 fractions from Viognier extract, went 
to completion and had yeast removed in a similar timeframe; at 16 days after 
inoculation (data not shown).  
The relative peak areas of selected wine volatiles in the wines are tabulated in Table 
28. The linear alcohols were significantly more concentrated in the V100 than in the 
control wines. In addition, the VE fraction wines and the VH extract wines had 
significantly greater concentration of hexanol than the wines lacking an extract 
supplement. The volatile fatty acids tended to be most concentrated in V100 wines 
(hexanoic and octanoic acids) or V80 wines (decanoic acid). The FAEE were generally 
most concentrated in wines made from must supplemented with the combined 
hexane/ethyl acetate extracts, and these concentrations ranged from 2.1 to 22.4 times 
greater than that found in the control wines, for ethyl octanoate and ethyl dodecanoate, 
respectively.  
The concentration of gamma-nonalactone was found to be significantly higher in the 
non-polar VH fraction VH wines compared to the polar V20 fraction wines. However, 
there was no statistically significant difference in concentration of gamma-nonalactone 
between the VH fraction wines and the control wines. On the other hand, gamma-
decalactone was significantly more concentrated in wines made from must with 
hexane/ethyl acetate extract supplements (VH) than in wines made with no extract 
supplements or any other extract supplements. 
In addition to being elevated in V20 and V40 wines, α-terpineol was significantly 
more concentrated in the VH wines, in which the musts were supplemented with 
hexane/ethyl acetate extracts, than in the control wines. The rest of the monoterpenoids 
were found in significantly elevated concentrations in wines made from musts 
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supplemented with the polar fractions of extracts (V20 and V40). An exception to this 
was eucalyptol, which was not significantly different in concentration in wines made 
from any fractions compared to the control. The nor-isoprenoid ionone was only 
detected in V20 and V40 wines, while damascenone was only detected in the V20 
wines. Sulcatone was significantly more concentrated in V100 wines than in control 
wines, while VH wines had an even higher sulcatone concentration than either V100 or 
control wines. 
 
Table 28: Relative peak areas of wine volatiles in wines made from fermentation of must 
supplemented with HP-20 fractions of Viognier extract. Geometric means (n=3) are reported, with 
means sharing letter superscripts signifying that the log-transformed means do not differ in 
Tukey’s HSD test. Means that are significantly greater than that of the control are emphasised in 
bold font. 
  fractions  
 Control V20 V40 V60 V80 V100 VE VH 
alkanols         
1-hexanol 0.0066D 0.0058D 0.019CD 0.0096CD 0.025CD 1.1A 0.12C 0.57B 
1-octanol 0.045BC 0.027C 0.028C 0.033BC 0.044BC 0.44A 0.042BC 0.073B 
1-nonanol 0.028C 0.020C 0.024C 0.026C 0.053C 0.60A 0.065C 0.28B 
         
fatty acids        
hexanoic acid 0.56C 0.59C 0.64C 0.68BC 0.72BC 1.26A 0.71BC 0.87B 
octanoic acid 1.7B 1.4B 1.7B 2.1B 2.2B 3.31A 2.3AB 1.8B 
decanoic acid 0.20B 0.096B 0.099B 0.24B 0.91A 0.25B 0.21B 0.056B 
         
fatty acid ethyl 
esters 
      
ethyl 
hexanoate 
1.2B 1.3B 1.3B 1.3B 1.1B 1.4B 1.0B 2.5A 
ethyl octanoate 1.8B 2.1B 2.0B 2.3AB 2.0B 2.0B 3.1AB 3.8A 
ethyl 
decanoate 
1.5C 1.6BC 1.5BC 2.4ABC 2.2BC 2.1BC 3.0AB 4.0A 
ethyl 
dodecanoate 
0.18C 0.22C 0.14C 0.56C 1.4B 1.4B 0.49C 4.0A 
ethyl 
tetradecanoate 
0.022B 0.018B 0.014B 0.030AB 0.043B 0.076B 0.044AB 0.44A 
ethyl 
hexadecanoate 
0.016C 0.018C 0.016C 0.029BC 0.052BC 0.069B 0.060B 0.21A 
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  fractions  
 Control V20 V40 V60 V80 V100 VE VH 
         
lactones         
gamma-
nonalactone 
0.027AB 0.019B 0.025AB 0.035AB 0.029AB 0.42AB 0.14AB 0.46A 
gamma-
decalactone 
0.0031B 0.0026B 0.0041B 0.0073B 0.0067B 0.025A 0.0087B 0.025A 
         
monoterpenoid
s 
       
linalool 0.0076C 0.098A 0.082B 0.011C 0.0079C 0.0069C 0.0094C 0.013C 
α-terpineol 0.0010B 0.061A 0.097A 0.0072B 0.0075B 0.0095B 0.0095B 0.072A 
eucalyptol 
0.00073A
B 
0.00080
A 
0.00085
A 
0.00077A
B 
0.00058A
B 
0.00067A
B 
0.00056A
B 
0.00031
B 
β-myrcene 0.0011B 0.0071A 0.0051A 0.00080B 0.0010B 0.0011B 0.0016B 0.0014B 
α-terpinolene nd 0.010A 0.0027B nd nd nd nd nd 
geranyl ethyl 
ether 1 
0.0012B 0.0065A 0.0073A nd nd 0.0009B nd 0.0010B 
         
nor-
isoprenoids 
       
β-
damascenone 
nd 0.0082* nd nd nd nd nd nd 
ionone nd 0.0021* 0.00028 nd nd nd nd nd 
         
ketones         
sulcatone 
0.0028C 0.0035C 
0.0037B
C 
0.0039BC 0.0043BC 0.0084B 0.0061BC 0.017A 
 
3.3.3. Structural characterization of fraction 25A 
The NMR spectra are presented in the appendices; 1H (Appendix A), 13C (Appendix 
B), COSY (Appendix C), HSQC (Appendix D) and HMBC (Appendix E). The glycerol 
protons and carbons are labelled depending on whether they are on the 1, 2 or 3 position 
of glycerol, with 1 and 3 being treated as equivalent. The acyl carbons and protons are 
labelled from the carbonyl as 1’, with a subscript indicating the acyl chain they come 
from and, where discernible, the (sn) numbered position on the glycerol that the acyl 
chain is attached to. 
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3.3.3.1. 1H Proton Spectra of 25A 
1H NMR (600 MHz, CDCl3) δ 5.39 (dtt, -CH2-CH2-CH=CH-, -CH=CH-CH2-CH3, 
H-9’18:3(n-3), H-16’18:3(n-3), 3JHH = 10.6, 7.2 Hz, 4JHH = 1.5 Hz,); 5.37 (dtd, -CH=CH-CH2-
CH=CH-, H-10’18:3(n-3), H-12’18:3(n-3), H-13’18:3(n-3), H-15’18:3(n-3), 3JHH = 10.5, 7.3 Hz, 
4JHH = 1.5 Hz); 5.35 (dt, H-10’18:2(n-6), H-12’18:2(n-6), 3JHH = 10.7 , 6.8 Hz); 5.33 (dt, H-
9’18:2(n-6), H-13’18:2(n-6), 3JHH = 10.7, 7.0 Hz); 5.30 (dtt, H-9’18:1(n-9) and H-10’18:1(n-9), 3JHH 
=10.4, 6.9 Hz, 4JHH = 1.5 Hz); 5.26 (tt, H-2, 
3JHH = 5.9, 4.3 Hz, 1 H); 4.29 (dd, H-1a and 
H-3a, 
2JHH = 11.9 Hz, 
3JHH = 4.4 Hz, 2 H); 4.14 (dd, H-1b and H-3b,
 2JHH = 11.9 Hz, 
3JHH 
= 5.9 Hz, 2 H); 2.80 (tt, -CH=CH-CH2-CH=CH-, H-11’18:3(n-3), H-14’18:3(n-3), 3JHH = 6.9 
Hz, 4JHH = 1.5 Hz); 2.77 (t, -CH=CH-CH2-CH=CH-, H-11’18:2(n-6), 3JHH = 6.8 Hz, 2H); 
2.32 (t, -OC(O)-CH2-, H-2’18:3(n-3), 3JHH = 3.8 Hz); 2.31 (t, -OC(O)-CH2-, H-2’18:2(n-6), 
3JHH = 3.8 Hz, 2H); 2.30 (t,-OC(O)-CH2-, H-2’18:1(n-9), 3JHH = 3.8 Hz,); 2.04 (dt, -
CH=CH-CH2-, H-8’18:2(n-6), H-14’18:2(n-6), 3JHH = 7.0, 6.9 Hz, 4H); 2.08 (dt, -CH=CH-
CH2-, H-8’18:3(n-3), H-17’18:3(n-3), 3JHH = 7.5, 7.6 Hz); 2.01 (dtd, -CH=CH-CH2-, H-
8’18:1(n-9) and H-11’18:1(n-9), 3JHH = 6.8, 6.8 Hz, 4JHH = 1.5 Hz,); 1.57-1.64 (m, -OC(O)-
CH2-CH2-, H-3’18:1(n-9), H-3’18:2(n-6), H-3’18:3(n-3)); 1.23-1.38 (m, -CH2-, H-4’18:1(n-9), H-
5’18:1(n-9), H-6’18:1(n-9), H-7’18:1(n-9), H-12’18:1(n-9), H-13’18:1(n-9), H-14’18:1(n-9), H-15’18:1(n-9), 
H-16’18:1(n-9), H-17’18:1(n-9), H-4’18:2(n-6), H-5’18:2(n-6), H-6’18:2(n-6), H-7’18:2(n-6), H-15’18:2(n-
6), H-16’18:2(n-6), H-17’18:2(n-6), H-4’18:3(n-3), H-5’18:3(n-3), H-6’18:3(n-3), H-7’18:3(n-3)); 0.97 (t, -
CH3, H-18’18:3(n-3), 3JHH = 7.6 Hz); 0.89 (t, -CH3, H-18’18:2(n-6), 3JHH = 6.9 Hz); 0.87 (t, 
-CH3, H-18’18:1(n-9), 3JHH = 7.0 Hz) 
3.3.3.2. Carbon spectra of 25A 
13C NMR (150 MHz, CDCl3) δ 68.85 C-2; 62.09 C-1 and C-3; 173.32 C-1'18:1(n-9), sn-
1,3; 173.23 C-1’18:2(n-6), sn-1,3; 172.86 C-1’18:1(n-9), sn-2, C-1’18:2(n-6), sn-2; 131.95 C-16’18:3(n-3); 
130.22 C-13’18:2(n-6), C-9’18:3(n-3); 130.01 C-9’18:2(n-6); 129.98 C-10’18:1(n-9); 129.71 C-
9’18:1(n-9), sn-1,3; 129.68 C-9’18:1(n-9), sn-2; 128.28 C-13’18:3(n-3);  128.22 C-12’18:3(n-3); 128.07 
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C-10’18:2(n-6), sn-2; 128.05 C-10’18:2(n-6), sn-1,3; 127.88 C-12’18:2(n-6), sn-1,3; 127.75 C-10’18:3(n-
3), sn-2; 127.73 C-10’18:3(n-3), sn-1,3; 127.09 C-15’18:3(n-3); 34.18 C-2’18:1(n-9), sn-2, C-2’18:2(n-6), 
sn-2, C-2’18:3(n-3), sn-2; 34.04 C-2’18:1(n-9), sn-1,3; 34.02 C-2’18:2(n-6), sn-1,3, C-2’18:3(n-3), sn-1,3; 
29.77-29.04 C-4’18:1(n-9) to C-7’18:1(n-9) and C-12’18:1(n-9) to C-16’18:1(n-9), C-4’18:2(n-6) to C-
7’18:2(n-6) and C-15’18:2(n-6) to C-16’18:2(n-6), C-4’18:3(n-3) to C-7’18:3(n-3); 27.19 C-8’18:1(n-9) 
and C-11’18:1(n-9), C-8’18:2(n-6),14’18:2(n-6), C-8’18:3(n-3); 25.62 C-11’18:2(n-6), C-11’18:3(n-3) and 
C-14’18:3(n-3); 24.87-24.83 C-3’18:1(n-9), C-3’18:2(n-6), C-3’18:3(n-3); 22.70 C-17’18:1(n-9); 22.58 
C-17’18:2(n-6); 20.55 C-17’18:3(n-3); 14.29 C-18’18:3(n-3); 14.13 C-18’18:1(n-9); 14.09 C-
18’18:2(n-6);  
3.3.3.3. High resolution mass spectrometry of 25A 
High resolution mass spectrometry of fraction 25A was carried out by an external 
analysis service provider. The observed masses of proton and sodium adducts being 
consistent with a molecular formula of C57H98O6. The observed m/z for the proton 
adduct was 879.7458 (1.8 ppm from calculated m/z 879.7442). The sodium adduct 
observed had m/z of 901.7286 (2.8 ppm from calculated 901.7261). The normalised iFit 
(isotope fits) ranged between 3.0 and 3.1 for proton adducts while, a normalised iFit of 
3.3 was observed for sodium adducts. 
3.3.3.4. LC-MS-MS of 25A 
The fraction 25A was analysed by LC-QTOF, with the major component identified 
as eluting at 22.481 minutes. The ammoniated ion adduct was detected in positive ESI 
mode, and MS-MS spectra collected of the fragmented precursor. The ten most intense 
fragments are listed in Table 29. The two most intense fragments were consistent with 
the compound being a TG (18:2/18:2/18:2), while the top four most intense fragments 
were consistent with the compound being another TG; TG (18:1-18:2-18:3). The 
presence of minor isomers of TG 54:6 was indicated by several further fragments. These 
isomers contain very long polyunsaturated fatty acids such as 20:5, 22:5, and 22:6, and 
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possibly also 16:0 or 16:1 acyl chains (or both C16 and C18 saturated and 
monounsaturated acyl chains).  
Table 29: Results of LC-MS-MS of the major component of the fraction 25A generated by open 
column chromatography of Cabernet Sauvignon Acetone Extracts 
Precursor m/z Delta m/z Annotation 
896.76526 5.5 ppm [M + NH4]+, M=C57H98O6 
 
   
Fragment m/z Relative intensity (base 
peak=999) 
Annotation 
599.5014 999 [M+NH4]-NH3-18:2 
879.7415 366 [M+NH4]-NH3 
597.4858 269 [M+NH4]-NH3-18:1 
601.5173 230 [M+NH4]-NH3-18:3 
551.5020 66 [M+NH4]-NH3-22:6 
549.4821 46 [M+NH4]-NH3-22:5 
577.5191 41 [M+NH4]-NH3-20:5 
453.3578 35  
695.5997 34  
861.7392  32 [M+NH4]-NH3-H2O 
 
3.4. Discussion 
3.4.1. Extraction 
Only a small portion, 19 g, of the 1.35 kg Cabernet Sauvignon grape bio-mass was 
absorbed onto the HP20 column. From 10 kg of Viognier berries, an even smaller 
proportion, 27 g, was absorbed and eluted. The lower ratios of acetone to grapes and of 
HP20 beads to grape material are the most likely explanation for why less mass was 
collected from Viognier grapes than from Cabernet Sauvignon grapes.  
The extraction of Viognier is included in this chapter because it adds information 
about where the remainder of the mass is going. Much of the mass is lost as it never 
absorbed onto the beads in the first place, most of it water (75-80 % of the mass of 
grape flesh, 60-70 % of grape skin mass and 27-28 % of grape seed mass is water ( 
Table 43 in Section 5.3.1.1)). However, a substantial amount, 168 g of dry material, 
did absorb to the HP20 but was then eluted in the 100 % water wash of the column. A 
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further 10 g of dry material was not extracted by acetone but was extracted afterwards 
with ethyl acetate and hexane. This post-extraction with hexane and ethyl acetate was 
even more effective at inducing an increase in FAEE when used to supplement model 
must than the fractions that were eluted from the HP20 column. This suggests that the 
cyclic-loading process is not particularly efficient when the compounds of interest are 
not mid-polar compounds, such as the non-polar lipids, and that simply extracting 
grapes with ethyl acetate and hexane is a more effective way to collect this material. 
Fewer significant differences in volatile profiles from the control wines were detected in 
the Viognier series; perhaps because for most fermentations less of each fraction was 
added as a supplement (although this still represented the amount of each fraction in the 
equivalent of 50 g of berries). 
The monoterpenoids and nor-isoprenoids had their highest concentrations in wines 
made from supplementing musts with the 40 % and 20 % acetone fractions. This would 
be consistent with the proposed glycosylated-monoterpenoid precursors. A potentially 
interesting outlier result was that the ethyl acetate and hexane extract of Viognier 
produced wine with a concentration of α-terpineol comparable to that of wines made 
from the 20 % or 40 % acetone fractions. As mentioned in the introduction, there is 
precedent for conversion of non-polar non-volatile precursors to monoterpenoids in 
other plants, namely the terpenoid polyols and long-chain acylated monoterpenoid 
esters (Dunphy, 2006). However, no other monoterpenoids were found to have high 
concentrations in any other wines made with non-polar supplements. 
The alkanols and their acetate esters were both at their highest concentrations in 
wines supplemented with non-polar fractions, perhaps reflecting that the alkanols are 
precursors to acetate esters (Dennis et al., 2012). 
The same could not be unambiguously said for the medium-chain free fatty acids 
and their ethyl esters. While the FAEE and FFA were both found in high concentrations 
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in the wines supplemented with the material from the 40 % acetone fraction, the FAEE 
were also highly concentrated in the wines made with the 100 % acetone and ethyl 
acetone fraction material, whereas the free fatty acid concentrations were low in wines 
supplemented with this material. The medium chain free fatty acids may be precursors 
to FAEE, but perhaps something in the most non-polar fractions induces their 
production during fermentation. An alternative explanation is that something in the non-
polar fractions regulates ethyl ester formation to the extent that the pool of MCFFA is 
exhausted in wines supplemented with these fractions. 
As FAEE are one of the largest contributors to non-varietal wine aroma, the 100 % 
acetone and 100 % ethyl acetate fractions from Cabernet Sauvignon were taken and 
further fractionated using DIOL as the chromatographic matrix. The mass balance of 
this step was greater than the initial mass recorded, perhaps reflecting that the fractions 
had not been adequately dried following fraction collection. The second-generation 
fractions were screened by micro-fermentation using 1 mL of model must in Eppendorf 
tubes, each supplemented with 1 mg of dried material from the fractions. Owing to the 
small sample sizes, no replicates of these screening micro-fermentations were carried 
out. The analysis of the head-space of the micro-fermentations indicated that several 
second-generation fractions resulted in high concentrations of FAEE in wines produced 
by supplementing model must with the fractions. The top candidate fraction (23J) was 
found by proton NMR to be contaminated with phthalate esters, which are common 
plasticizers which could have leached from multiple laboratory equipment sources. The 
fraction that resulted in the second highest concentrations of FAEE, 25A had a 
relatively “clean” proton spectrum and was therefore further investigated with MS and 
other NMR experiments. Other fractions that were associated with fermentations with 
high FAEE concentrations either had insufficient material for further spectroscopic 
characterization, consisted of multiple components in need of further fractionation, or 
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were also contaminated by what were likely to be plasticizers. The focus of further work 
was therefore on fraction 25A. 
3.4.2. The structural elucidation of components of fraction 25A  
Structural elucidation of 25A was based on proton and carbon, 1D and 2D NMR 
experiments, high-resolution MS and, LC-MS/MS. 
The splitting pattern of the triplet of triplets at 5.26 ppm indicated that the proton at 
this position was interacting with two sets of chemically distinct pairs of protons. The 
integral for this peak was not baseline resolved. The high chemical shift of this proton 
indicated that the carbon to which this hydrogen is attached was a secondary carbon 
bonded to oxygen. This proton also had an HSQC correlation to the carbon with a 
chemical shift of 68.85 ppm, which confirmed that the carbon was attached to oxygen. 
The J couplings of the proton at 5.26 ppm of 5.9 and 4.4 Hz matched the minor 
couplings in the splitting patterns of two doublets of doublets, which were respectively 
at 4.14 and 4.29 ppm. These doublets of doublets each integrated as two protons, and 
each had COSY correlations with the proton at 5.26 ppm. The proton peaks at 4.14 and 
4.29 both HSQC correlated to the same carbon peak at 62.09 ppm, which suggested that 
the carbons the protons were attached to had similar chemical environments, and that 
they were each a primary carbon bonded to oxygen. The major J-couplings of these 
doublets of doublets were both 11.9 Hz, which is a large coupling that indicates this is 
geminal coupling between protons attached to the same carbon. The peaks at 4.14 and 
4.29 had HMBC correlations to both the carbon peak at 62.09 and that at 68.85 ppm. 
The protons also had HMBC correlations to the carbonyl carbon peaks around 173.26 
ppm. This suggests that the oxygen attached to the 62.09 carbons is itself attached to the 
carbonyl. In a similar way, the proton at 5.26 ppm had an HMBC correlation to the 
carbonyl peak at 172.86 ppm.  
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The structure of the main component of 25A so far elucidated is a three-carbon 
backbone, with each carbon attached to an oxygen atom, and that each oxygen in an 
ester functional group. The ester groups on each of the carbons impose an energetically 
preferred rotameric conformation of the carbon backbone of the molecule. This puts the 
proton on the central carbon in a position that is anti- relative to one hydrogen, ‘Ha’, on 
each of the adjacent carbons, resulting in a coupling constant of around 4 Hz. The other 
proton on the outer carbons, ‘Hb’, will be a syn-clinal position relative to the central 
proton, and therefore has a higher coupling constant of around 6 Hz. 
The proton peaks at 2.3 and 1.6 ppm have HMBC correlations with the carbonyl 
peaks at 173.3 ppm, which are the carbonyls of the ester functional groups attached to 
the 1 and 3 positions of the glycerol back bone. These protons are those attached to the 
carbons in the α and β positions relative to the carbonyl, respectively. The carbonyl of 
the ester attached to the 2 position (172.86 ppm) did not have resolved HMBC 
correlations from either of the peaks at 2.3 and 1.6 ppm. The protons at 2.3 and 1.6 ppm 
had HSQC correlations with the α and β carbons around 34.1 and 24.9 ppm, 
respectively. The protons on the β position carbons had COSY correlations to those at 
the α position and to the methylene multiplet. These NMR data indicate that the 
compound in fraction 25A is a tri-esterified glycerol. 
 Having established that the structure of the major component of the fraction is that 
of a tri-esterified glycerol molecule, i.e. a triglyceride, the identities of the fatty acid 
substituents attached to the glycerol were investigated. There were three main triplets in 
the methyl region of the proton spectra, in order of decreasing intensity, at 0.89, 0.88 
and 0.92 ppm. The spin-patterns of the methyl protons at 0.89 and 0.88 overlapped. A 
fourth methyl triplet at 0.81 ppm had a much lower intensity. The baseline was not 
resolved between the methyl proton peaks of 0.81 0.88 and 0.89 ppm. Each of these 
methyl groups was interpreting as belonging to a different fatty acyl chain, with position 
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on the glycerol backbone considered too remote to affect the shift of the methyl protons 
at the other end of the chain.  
This region of the proton spectrum (0-0.8 ppm) was not acquired in either the HSQC 
or HMBC spectra, probably due to an error in the software or acquisition parameters. 
There is a COSY correlation between the peak at 0.92 and that at 2.07 ppm, which is at 
a chemical shift consistent with hydrogens in an allylic position, indicating that the peak 
at 0.92 ppm is the methyl group of a fatty acid with a double bond between the carbons 
on the 15th and 16th carbons, such as α-linolenic acid (assuming a 18 carbon chain). 
The olefinic carbon peak at 131.9 ppm had an HMBC correlation from the methyl 
proton at 0.97 ppm, which identifies the carbon as that at C16 in α-linolenic acid, and 
the methyl protons being those that are both homoallylic and at the end of the chain, 
C18 in α-linolenic acid. The peaks at 0.92 and 2.07 ppm both share a spin-coupling of 
7.4 Hz. The integral of the peak at 0.92 ppm is much lower than that of the peaks at 0.89 
and 0.88, but greater than that at 0.81 ppm. The protons at 2.07 ppm have an HMBC 
correlation to the methyl carbon at 14.28 ppm, and this has an intensity that is much 
lower than the methyl carbon peaks at 14.13 and 14.09 ppm.  
The olefinic region of the proton spectra contains several unresolved systems, but 
the vicinal spin-couplings that can be determined are about of 10.5 Hz. This indicates 
that the double bonds are Z-isomers and rules out the presence of E-isomer double bond 
containing fatty acyl chains such as elaidic and linoelaidic acids, which would have 
much higher vicinal coupling constants (greater than 12 Hz). The olefinic protons have 
HSQC correlations to the olefinic carbons around 127-131 ppm, and while these overlap 
significantly, the higher chemical shift part of the olefinic proton spectra tends to be 
olefinic protons that are on the allylic side of the double bonds, while the lower 
chemical shift part of that region is associated with the protons on the bis-allylic side of 
the double bond.  
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The allylic region of the proton spectra contains larger peaks as well as those of 
protons on the C-17 of α-linolenic acyl chain. The bis-allylic protons at 2.77 ppm 
indicated that poly-unsaturated fatty acyl chains were present. The minor bis-allylic 
triplet at 2.80 confirmed that α-linolenic acid was present and that it was less abundant 
than linoleic acid. The bis-allylic protons correlated to the bis-allylic carbon peaks 
(around 25.6 ppm) in the HSQC spectra. 
The absence of proton peaks in the region between the β-position methylene protons 
(1.61 ppm) and the regular gamma-position methylene protons (1.31-1.38 ppm), and 
resulting COSY and HMBC correlations to both the allylic methylene protons and the 
β-position methylene protons rules out the presence of gamma-linolenic acid and other 
6,7-double-bonded fatty acid chains.  
The methylene multiplet from 1.38 to 1.24 ppm could not be resolved, but consists 
of the methylenes between the β-position and the allylic positions at the C9 position on 
the acyl chains as well as the CH2 chains between the C18 position and the last allylic 
protons of oleic and linoleic acids. The homo-allylic position protons were not resolved 
from the rest of the methylene multiplet, but COSY correlations from the allylic protons 
to the higher chemical shift part of the multiplet places the homo-allylic protons in that 
part of the spectrum. This was confirmed by HMBC correlations from the allylic proton 
to the homo-allylic carbon at 31.46 ppm, which in turn had HMBC and COSY 
correlations from the unresolved lower chemical shift part of the methylene envelope. 
The homo-allylic proton also had HMBC correlations to the allylic carbon and to the 
‘external’ olefinic carbons. 
The fatty acids composing the triglyceride in this fraction are, in order of most 
abundant to least abundant: linoleic acid, oleic acid and α-linolenic acid. The estimation 
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of abundance was based on the relative peak areas of the methyl region carbon and 
proton spectra for each fatty acyl species. 
The HR-MS indicated that the main component in fraction 25A had the molecular 
formula C57H98O6, accurate to between two and five parts per million. 
This formula was confirmed by the precursor observed in LC-MS. The analysis of 
the MS/MS spectra indicated that the four most intense fragments were the result of 
neutral loss of ammonia and the unsaturated 18-carbon fatty acid chains, oleic, linoleic 
and linolenic acids, and also the neutral loss of ammonia alone from the ammoniated 
positive ion adduct of TG 54:6. The neutral loss of ammonia and water was also 
observed as one of the ten most intense fragments. If the fatty acyl chains are randomly 
distributed on the glycerol backbone and if the neutral loss of ammonia and each of the 
three fatty acids are energetically similar then an estimate of the proportions of 
TG(18:2/18:2/18:2) to TG(18:1-18:2-18:3) might be made. The fragments associated 
with the loss of ammonia and oleic acid and linolenic acid, 597.5 and 601.5 m/z, had 
relative intensities of 269 and 230, respectively. If 18:1 and 18:3 are both present in the 
same triglyceride, then the contribution to the intensity of the 599.5 ([M+NH4]-NH3-
18:2) peak should be similar. Subtracting 249.5, the mean of 269 and 230, from 999 
gives 749.5. This compares closely to 748.5, the sum of 269, 249.5 and 230. Based on 
this reasoning, the ratio of TG (18:2/18:2/18:2) to TG (18:1-18:2-18:3) in fraction 25A 
is 1:1. However, the actual ratio may differ slightly from the estimate. One reason is 
that some acyl chains may be preferentially positioned on the sn-2 position and neutral 
loss from this position will be energetically different from that from the sn-1 or sn-3 
positions (Renaud et al., 2013). This may explain why the abundance of the fragment 
formed by the neutral loss of oleic acid and ammonia is not exactly equal to that of the 
fragment formed by the neutral loss of linolenic acid and ammonia. The estimation of 
relative abundance of fatty acyl chains from proton spectra could not be accurately 
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performed because the methyl peaks of some fatty acyl chains were not entirely 
resolved from other peaks. However, comparing the relative integral (0.74) of the 
methyl peak of the α-linoleoyl chain to the integral of the sn-2 position proton (1.00) 
indicates that 24.7 % of the total triglyceride is the TG 18:1(n-9)-18:2(n-6)-18:3(n-3) 
isomer. Further separation of the two isomers of TG 54:6 was not carried out. Given 
time constraints, the search and isolation of further candidate compounds was a lower 
priority once the candidate TG 54:6 had been identified. Instead confirming and 
exploring related compounds became of higher importance. 
3.5. Conclusions and implications 
The wines made from must supplemented with the 40 % acetone fraction had high 
concentrations of both free fatty acids and FAEE. While these volatiles, including the 
free fatty acids, were not present in the unfermented fraction, their co-variation in these 
wines suggests that the increase in FAEE is related to the increase in the concentration 
of free fatty acids endogenous to yeast. The exogenous free fatty acids were not 
observed in the unfermented fractions because the removal of solvent from the fractions 
also removed the volatile compounds in the fraction. This led to a hypothesis that, while 
exogenous sources of free fatty acids may be esterified by yeast during fermentation to 
produce FAEE, other, non-volatile compounds can influence the concentrations of free 
fatty acids and the concentrations of FAEE produced during fermentation. 
The 100 % acetone Cabernet Sauvignon fraction was found to significantly increase 
the FAEE concentration of wines made from musts supplemented with it. The absence 
of volatile free fatty acids from the fraction leads to the conclusion that a semi-volatile 
or volatile compound in the 100 % acetone fraction. Further fractionation on DIOL 
produced a second generation of fractions, some of which significantly increase FAEE 
concentration when wines were made from must supplemented with them. The second-
highest FAEE inducing fraction was 25A, and this was found to contain two isobaric 
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polyunsaturated triacylglycerides; trilinolein and a triacylglyceride with oleoyl, 
linoleoyl and α-linolenoyl acyl chains. Minor TG species in the fraction contained one 
of several very long polyunsaturated fatty acids.   
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Chapter 4 - Supplementation of wine fermentations with 
exogenous lipids 
4.1. Introduction 
The natural products separation of aroma-influencing grape compounds in Chapter 3 
revealed that a triacylglyceride (TG 54:6) containing fraction was associated with 
medium chain FAEE production when fermenting model grape juice must 
supplemented with the fraction. It was found that about half of the major component of 
triglyceride was in the form of trilinolein, while the other half was a triglyceride 
containing oleoyl, linoleoyl and linolenoyl fatty acyl chains. One hypothesis was that 
one or more of the isomers of TG 54:6, has some influence on FAEE production. As 
one of these isomers, trilinolein, was commercially available, the hypothesis that this is 
one of the isomers with FAEE production associated activity is one that the work in this 
chapter can conveniently seek to investigate. Related to this line of investigation, this 
chapter explores whether certain concentrations of particular lipids in a model 
fermentation is important for achieving a discernible difference in the production of 
medium chain FAEE. However, given the generic structure of glycerolipids and acyl 
chains, and the large number of different lipid species that are abundant in grape tissues, 
it would also be interesting to determine whether the observed changes in FAEE 
production are specific to triacylglycerides in general, and so this chapter also seeks to 
investigate other common triglycerides that are commercially available. An alternative 
hypothesis explored in this chapter is that linoleic acid, whether a free fatty acid or 
bound in any of the glycerolipid species, was the structure associated with FAEE 
accumulation during fermentation. Other hypotheses explored in this chapter are that it 
is unsaturated fatty acids in general that would be associated with FAEE production, or 
alternatively, that it is polyunsaturated fatty acids in general that are associated with the 
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FAEE accumulation. Related to these hypotheses is that the geometry and positions of 
the double bonds in the lipids is important for whether an effect on increased FAEE 
accumulation during fermentation is observable, or, on the contrary, has no bearing on 
this phenomenon. A further line of hypotheses investigated in this chapter posits that 
linoleic acyl chains are directly the carbon source for MC-FAEE production by yeast in 
these model fermentations, and that therefore a isotopically labelled linoleic acid 
containing exogenous lipid source would be associated with the production of 
isotopically labelled MC-FAEE by yeast receiving the lipid as a supplement. 
A related hypothesis was that the medium chain free fatty acids from grapes acted as 
an exogenous precursor to their respective FAEE when supplied to fermenting yeast. 
However, no MCFFA were detected in GC-MS analysis of unfermented fractions in the 
previous chapter. Therefore, the increases in FAEE during fermentation in the 
experiments described in the previous chapter were not due to presence of MCFFA in 
the fractions. A possibility is that the medium chain fatty acyl chains are present as 
complex lipids, and represent a pool that can directly increase either medium chain free 
fatty acids or FAEE during fermentation. This seems unlikely; however, as Bardi et al. 
found that medium chain fatty acids were only a minimal component of intracellular 
membranes (Bardi et al., 1999b). 
The knowledge of the effects of exogenous fatty acids on yeast-derived aroma 
profiles is somewhat incomplete, with some studies indicating that exogenous PUFA 
decreases FAEE production, while others indicate that PUFA increases FAEE 
production. One example of the former is the inverse relationship between total initial 
linoleoyl content in grape must and final FAEE concentration (Yunoki et al., 2005). 
However, the method used only measures the linoleic acid in free form, and not the 
linoleoyl acyl chains bound as a mono-, di- or tri-glyceride, or other complex lipids. The 
concentrations of free linoleic acid in the musts in the Yunoki study (~400 μM) are 
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about 10 times less than total linoleoyl acyl chains contained in neutral, glyco- and 
phospho-lipids (~4 mM) in must analysed by Miele and co-workers (Miele et al., 1993). 
The addition of PUFA containing surfactants, along with ergosterol, to anaerobic 
fermentations by yeast has produced higher concentrations of FAEE (Varela et al., 
2012), but the surfactants may not give an indication of how actual grape lipids will 
alter yeast-derived aroma profiles, and the changes in FAEE production may be 
attributed to the exogenous ergosterol. Incidentally, grapevine plant sterols, known as 
phytosterols, can substitute for ergosterol, and in doing so alter the volatile profile of 
yeast-derived aroma compounds (Rollero et al., 2015). A more recent study has found 
that high concentrations of free oleic, linoleic and α-linolenic acids alter the volatile 
profile of yeast fermentations, with the concentrations of several volatile compound 
classes, particularly medium-chain FAEE (Duan et al., 2015). However, the work by 
Duan et al. also uses free fatty acids. PUFA chains can be bound as several classes of 
complex lipids. Because the work in Chapter 3 indicated that it was a triglyceride 
having a major influence on FAEE production by yeast, the effect of these complex 
lipids was investigated using the concentrations that can occur in grape must. 
4.2. Materials and methods 
4.2.1. Experimental design 
The experiments involved supplementing model musts with various lipid compounds 
and fermenting to produce wines, which were analysed by HS-SPME GC-MS. 
Experimental fermentations were carried out in triplicate, and the controls were 
produced by fermenting model must omitting lipid supplements. When organic 
solvents, such as acetone or ethyl acetate, were used to help with the transfer of lipids, 
the same amount of organic solvent was also added to the control must prior to 
fermentation. The effect of chemical transformation was also investigated by incubating 
lipids with model wine solution and analysing the volatiles with HS-SPME GC-MS. 
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Internal standards were added to model wine or fermented must samples prior to 
volatile analysis so that the relative peak areas of analytes could be determined against 
the peak area of the internal standards. Calibration curves were constructed with 
differing concentrations of the FAEE analytes compared to a constant internal standard 
quantity. This was done so that the concentration of FAEE in the wines could be 
calculated. 
4.2.1.1. Supplementation with low concentrations MCFFA 
Each fermentation contained 50 mL of model must supplemented with 160 µL of 
acetone solution of one of three medium chain free fatty acids; octanoic acid, decanoic 
acid or dodecanoic acid. The initial concentrations of these free fatty acids were: 0, 0.3, 
0.6, 1.2, 2.4 or 4.8 μM. Model wine solutions (12 % ethanol (aq) with 2 g/L potassium 
hydrogen tartrate, pH 3.69) were also spiked with fatty acids so that the initial 
concentration of the free fatty acid in the model wine was 1.2 μM. These model wines 
were allowed to stand at room temperature for the duration of the fermentation of the 
other samples and were then analysed together with the wines made by fermenting 
model must. 
4.2.1.2. Supplementation with high concentrations of decanoic acid 
Each fermentation contained 50 mL of model must was supplemented with 0.5 mL 
of acetone solution. The acetone solutions containing decanoic acid were prepared so 
that the initial concentrations of decanoic acid in the musts once would be 0, 0.5, 1.0, 
2.0, 4.0 or 8.0 mM. Model wines (either 0, 10, 12 or 14 % ethanol plus 2 g/L potassium 
hydrogen tartrate, pH 3.69) were also prepared and spiked with decanoic acid; 2 mM in 
each of the model wines with different ethanol concentrations (0, 10, 12 or 14 % 
ethanol), as well spiked to 0.5, 1, 2, 4 or 8 mM of decanoic acid in the 12 % ethanol 
model wines. 
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4.2.1.3. Supplementation with low concentrations of trilinolein 
The 50 mL model musts were supplemented with trilinolein so that the pre-
fermentation concentration of linoleoyl acyl chains covered the range found in must as 
reported by Yunoki et al., 0.4 mM linoleoyl, which would be approximately 0.1 mM 
trilinolein. The experiment also sought to determine the effect of lower concentrations 
of trilinolein as well as higher concentrations of trilinolein. Therefore, the 
concentrations of trilinolein in model must in this experiment were 2.27 μM, 22.7 μM, 
45.9 μM, 90.9 μM and 182 μM. The lipids were transferred to the media with 0.5 mL 
acetone and 0.5 mL of ethyl acetate, and fermentations carried out at 23 °C. The 
fermentation vessels were constantly agitated on a circular shaker. Tinfoil was used to 
block out light from interacting with the fermenting must. 
4.2.1.4. Supplementation with high concentrations of trilinolein 
The 50 mL model must were supplemented with trilinolein so that the pre-
fermentation concentration of linoleoyl acyl chains covered the range found in must as 
reported by Miele et al., 4.4 mM linoleoyl, which is approximately 1.1 mM trilinolein. 
The effect of lower concentrations and higher concentrations were also investigated. To 
this end the concentrations of trilinolein in model must in this experiment were 0 mM, 
0.205 mM, 0.409 mM, 0.819 mM, 1.64 mM and 3.28 mM. The lipids were transferred 
to the media with 0.4 mL acetone, and fermentations carried out at 23 °C. The 
fermentation vessels were swirled twice a day just prior to weighing and were kept in 
the dark at other times. 
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4.2.1.5. Supplementation with different triglycerides 
The 50 mL model musts were supplemented with different triglycerides so that the 
pre-fermentation concentration of triglyceride in each must was 3.28 mM. The lipids 
were transferred to the media with 1 mL acetone and 0.5 mL ethyl acetate, and 
fermentations carried out at 23 °C. The fermentation vessels were swirled twice a day 
just prior to weighing and were kept in the dark at other times. 
4.2.1.6. Supplementation with free fatty acids and triglycerides 
 The 50 mL model musts were supplemented with either 3.28 mM of a triglyceride, 
or 9.84 mM of free fatty acid, so that there would be a similar initial concentration of 
acyl chains in the model must prior to fermentation. The lipids were transferred to the 
media with 1 mL acetone and 0.5 mL ethyl acetate, and fermentations carried out at 23 
°C. The fermentation vessels were shaken on a circular shaker twice a day just prior to 
weighing and were kept in the dark at other times. 
4.2.1.7. Supplementation with mono-, di- and tri-glycerides 
The 50 mL model musts were supplemented with either 3.28 mM of triglyceride, 
4.92 mM of diglyceride or 9.84 mM of monoglyceride, so that there would be a similar 
initial concentration of acyl chains in the model must prior to fermentation. The lipids 
were transferred to the media with 0.5 mL acetone and 0.5 mL of ethyl acetate, and 
fermentations carried out with constant agitation on a circular shaker at 23 °C. Tinfoil 
was used to block out light from interacting with the fermenting must. 
4.2.1.8. Supplementation with 13C-labelled linoleoyl glyceride 
 The 10 mL model musts were supplemented with either trilinolein or a mixture of 
triglycerides and diglycerides with 13C-labelled linoleoyl chains. The lipids were added 
so that the concentration of linoleoyl chains in the model must was approximately 10 
mM. Wines were agitated by swirling twice a day and were kept in the dark apart from 
during swirling and weighing. 
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4.2.2. Chemicals 
Ethyl-d5 nonanoate was sourced from the synthesis by Boss and co-workers (Boss et 
al., 2015). The other labelled volatile standards were purchased from CDN Isotopes 
(Pointe-Claire, Quebec, Canada); 1-hexan-d13-ol (D13, 98 % atom), d11-hexanoic acid 
(D11, 98 % atom), and d16-octanal (D16, 98 % atom). Methyl nonanoate was purchased 
from Fluka (Buchs, Switzerland). Octanoic acid, decanoic acid, dodecanoic acid and 
sodium chloride were purchased from Sigma (Castle Hill, NSW, Australia). The 
components of the model grape juice medium were sourced as described in Chapter 3. 
The following lipids were purchased from Nu-Check Prep (Elysian, MN): tripalmitin, 
tristearin, triolein, trielaidin, trilinolein, trilinoelaidin, gamma-trilinolenin, α-trilinolenin, 
(1,2)-distearin, (1,2)-diolein, (1,2)-dilinolein, (1,3)-dilinolein, gamma-(1,2)-dilinolenin, 
monostearin, monoolein, monolinolein, gamma-monolinolenin, linoleic acid, gamma-
linolenic acid and α-linolenic acid. Ultrapure Millipore water (resistivity, 18.2 MΩcm at 
25 °C) was purified by a Synergy Water System (Merck Millipore, Darmstadt, 
Germany). 
4.2.2.1. 13C-Labelled trilinolein 
13C-Labelled trilinolein was synthesized from methyl (13C18)-linoleate as follows. 
De-methylation of labelled methyl linoleate was carried out in 20 volumes of dry 
dimethylformamide (DMF) under a nitrogen atmosphere by adding 10 volumes of 45 % 
NaOH (aq) and stirring for two hours. This was followed by neutralizing with 100 
volumes of 0.5 N HCl (aq) when the reaction was complete and extraction of the 
labelled linoleic acid was carried out with hexane, drying with MgSO4, filtering and 
concentrating under reduced pressure. Following de-methylation, a Steglich 
esterification was carried out on the labelled linoleic acid and glycerol.  
The first attempt to synthesize labelled trilinolein used similar stoichiometry to the 
desired product. For 1 mol equivalent of labelled linoleic acid, dissolved in DMF and 
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DCM, 0.34 mol equivalent of glycerol and 0.11 mol equivalent of 4-
dimethylaminopyridine (DMAP) were added, followed by 1.1 mol equivalent of N,N'-
dicyclohexylcarbodiimide (DCC). The reaction work-up was as follows: addition of 
NH4Cl to precipitate DMAP, filtered, extraction with hexane, addition of NaHCO3 for 
removal of DCC, separation of organic phase and filtering. Silica flash chromatography 
was carried out with hexane:ethyl acetate eluent.  
 
A second attempt to synthesize labelled trilinolein using an excess of labelled linoleic 
acid in the esterification. For 1 mol equivalent of linoleic acid dissolved in 
dichloromethane, 0.28 mol equivalent of glycerol dissolved in acetone was added, along 
with 0.08 mol equivalent DMAP and followed by 0.9 mol equivalent of DCC. Reaction 
work up was as for the first esterification reaction. NMR spectra were collected on a 
600 MHz spectrometer, with the sample dissolved in deuterated chloroform. 
4.2.3. Model grape juice medium 
The model grape juice medium was prepared according to the method of Dennis 
without modification (Dennis et al., 2012), as described in Chapter 3. 
4.2.4. Yeast 
Yeast starter cultures were prepared by adding approximately 0.25 g of yeast (strain 
EC118, Prise de Mousse, AB Mauri, Australia) to 25 mL model grape must and shaken 
in an incubator at 28 °C overnight. Prior to inoculation, the yeast starter culture was 
centrifuged (10 minutes at 4000 rpm) and re-suspended in 20 mL sterile water. 
Centrifuging and re-suspension steps were iterated a further two times and then the 
suspension was diluted to approximately 3x107 cells/mL, determined by diluting until 
an optical density of 1.0 arbitrary units was measured at 600 nm on a UV-1601 
ultraviolet spectrometer (Shimadzu, Kyoto, Japan). Aliquots of 0.5 mL of the diluted 
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yeast suspension was used to inoculate each 50 mL fermentation. The 10 mL 
fermentations were inoculated with 0.2 mL of diluted yeast suspension. 
4.2.5. Fermentation conditions 
Fermentation conditions for the experiments were as described under Section 2.2.4. 
The conical flasks (125 mL) and silicone bungs were sterilized by autoclaving, while 
the air locks were sterilized in 70 % ethanol (aq). The airlocks (containing sterilized 
water) and bungs were added to the conical flasks after model must, yeast and lipid 
supplements were added under sterile conditions. Weight measurements were taken 
once a day so that the progress of the fermentations could be monitored by mass loss. 
Once mass had stabilized, the fermentations were halted by centrifuging the yeast out of 
suspension (10 minutes at 4000 rpm). Mass loss was plotted against time in days post-
inoculation as a percentage of the initial total fermentation media mass (50 g). The plots 
were then modelled by a logistic function: 
𝑦 = 𝐷 +
(𝐴 − 𝐷)
1 + (
𝑥
𝐶)
−𝐵 
Where y is the predicted percentage mass on day x, D is the starting percentage 
mass, i.e. 100 %, A is the final percentage mass, C is the day on which the fermentation 
reaches its peak fermentation rate (inflection point) and B is a variable that determines 
the overall shape of the fermentation kinetics, related to the relative time and mass lost 
during the exponential growth phase of the yeast compared to that lost in the initial lag 
phase and final stationary phases. The values of the variables C and B were solved for 
each fermentation replicate using Microsoft Excel to fit a logistic curve so that the 
residuals were minimized. One-way ANOVA (α=0.05), and if ANOVA detected 
difference, Tukey’s Honestly Significant Difference (HSD, α=0.05), were carried out on 
the constants to determine whether fermentations differed in the fermentation kinetics 
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on a treatment basis using R and the R package agricolae. Wines produced were stored 
in glass Schott bottles under nitrogen at 4 °C until preparation for GC-MS analysis. 
4.2.6. GC-MS 
There were two preparation regimes and two internal standards used across the 
experiments in this chapter. The preparation regimes were either a 1 in 2 dilution of the 
wine or a 1 in 100 dilution of the wine. In the experiments with methyl nonanoate as 
internal standard, 10 μL of methanolic solution was added, which contained methyl 
nonanoate at either 6.12 mg/L (1:2 samples), or 0.612 mg/L (1:100 samples). For the 
experiments with ethyl-d5 nonanoate as internal standard, 10 μL of an ethanolic internal 
standard solution was added, which contained ethyl-d5 nonanoate at either 9.2 mg/L 
(1:2 samples), or 0.92 mg/L (1:100 samples). For the experiments with d13-hexanol as 
internal standard, 10 μL of an ethanolic internal standard solution was added, which 
contained d13-hexanol at either 920 mg/L (1:2 samples), or 92 mg/L (1:100 samples).  
The sample preparation, head-space, chromatography and mass spectrometry 
conditions were as described in Chapter 3.  
4.2.7. Data and statistical analysis 
The identification and peak areas were calculated as described earlier (Keyzers and 
Boss, 2010). The peak areas of the quantifier ions of each FAEE (m/z 88) were 
normalized by the peak area of the internal standard quantifier ions (methyl nonanoate, 
m/z 74; ethyl-d5 nonanoate, m/z 93; d13-hexanol, m/z 64). Relative peak areas were 
converted to absolute concentration with equations derived from calibration curves of 
each FAEE across a range of concentrations against internal standard at a fixed 
concentration. The concentrations determined in this way were transformed by natural 
log prior to one-way ANOVA and Tukey HSD tests, performed in R with the agricolae 
package (Mendiburu, 2014). Geometric means were reported. 
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4.3. Results 
4.3.1. Supplementation with low concentrations MCFFA 
The first experiment investigated the effect of concentration of medium-chain free 
fatty acids (MCFFA) on the production of their respective fatty acid ethyl esters 
(FAEE). The concentration of MCFFA chosen to represent normal grape must was 1.2 
μM, as this was the approximate concentration of dodecanoic acid chains previously 
found in must (Yunoki et al., 2005). Concentrations above and below this were also 
chosen.  
The wines were removed from the yeast by centrifugation after 16 days of 
fermentation, with the peak rate of mass loss observed around 5- or 6-days post-
inoculation. The fermentations lost between 11.5 and 13.2 % of their initial net mass (50 
g), and no significant differences in fermentation kinetics were observed between 
treatments.  
The ethyl octanoate concentration ranged from 142-175 μg/L in the fermentations 
supplemented with octanoic acid, but did not significantly differ from wine made from 
fermenting must lacking lipid supplement (Table 30). However, all fermentation-
derived wines had ethyl octanoate concentrations that were at least 1.5 times greater 
than that of model wine incubated with octanoic acid. 
Table 30: Ethyl octanoate concentrations of model wine supplemented with octanoic acid or 
fermentation-derived wines made from fermenting model must that was supplemented with 
octanoic acid. All wines were produced in triplicate and geometric means are reported. Means 
sharing a letter superscript did not significantly differ as calculated by Tukey’s HSD on the natural 
log transformed data. Log transformed data were used for ANOVA and Tukey’s tests because the 
variance increased as the mean values increased. 
 model wine  fermented model must wines 
initial octanoic acid (μM) 1.2  0 0.3 0.6 1.2 2.4 4.8 
ethyl octanoate (μg/L) 94B   142A 149A 142A 175A 149A 151A 
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The ethyl decanoate concentration ranged from 16-29 μg/L in the fermentations 
supplemented with decanoic acid, but did not significantly differ from wine made from 
fermenting must lacking lipid supplement (Table 31). Model wine incubated with 
decanoic acid had similar concentrations of ethyl decanoate compared to the 
concentrations in fermentation-derived wines. 
Table 31: Ethyl decanoate concentrations of model wine supplemented with decanoic acid or 
fermentation-derived wines made from fermenting model must that was supplemented with 
decanoic acid. All wines were produced in triplicate and geometric means are reported. Means 
sharing a letter superscript did not significantly differ as calculated by Tukey’s HSD on the natural 
log transformed data. Log transformed data were used for ANOVA and Tukey’s tests because the 
variance increased as the mean values increased. 
 model wine  fermented model must wines 
initial decanoic acid (μM) 1.2  0 0.3 0.6 1.2 2.4 4.8 
ethyl decanoate (μg/L) 29A   27A 16A 20A 19A 21A 28A 
 
The ethyl dodecanoate concentration ranged from 8-25 μg/L in the fermentations 
supplemented with dodecanoic acid, with the wines made from must with the highest 
concentration of dodecanoic acid having ethyl dodecanoate concentrations that were 
almost twice that of wines made from must without dodecanoic acid (Table 32). Model 
wine incubated with dodecanoic acid had only a third of the ethyl dodecanoate 
concentration that wines made from model must supplemented with high concentrations 
of dodecanoic acid had. 
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Table 32: Ethyl dodecanoate concentrations of model wine supplemented with dodecanoic acid or 
fermentation-derived wines made from fermenting model must that was supplemented with 
dodecanoic acid. All wines were produced in triplicate and geometric means are reported. Means 
sharing a letter superscript did not significantly differ as calculated by Tukey’s HSD on the natural 
log transformed data. Log transformed data were used for ANOVA and Tukey’s tests because the 
variance increased as the mean values increased. 
 
model 
wine 
 fermented model must wines 
initial dodecanoic acid 
(μM) 
1.2  0 0.3 0.6 1.2 2.4 4.8 
ethyl dodecanoate (μg/L) 8C   13BC 17ABC 19ABC 20ABC 17ABC 25A 
 
None of the fermentation-derived wines made from model must supplemented with 
medium chain free fatty acids exhibited a significant relationship between initial fatty 
acid concentration and concentration of FAEE, with the exception of ethyl dodecanoate, 
which was twice as concentrated in wines made with 4.8 μM dodecanoic acid compared 
to wines made without dodecanoic acid supplement (Table 32). 
4.3.2. Supplementation with high concentrations of decanoic acid 
Because there was generally not a significant relationship between fatty acid 
concentration and ethyl ester concentration, but there was some indication, in the 
dodecanoic acid, that such a relationship might exist, higher concentrations of MCFFA 
were investigated. The amount of total decanoic acid in grape must that was reported by 
Miele (equivalent to ~2 mM) was much greater than that used in Section 4.3.1. The 
decanoic acid in the Miele study includes that bound up in complex lipids, but there is 
still potential for it to be internalised into yeast cells. Therefore, the musts were 
supplemented so that the concentration of decanoic acid was comparable to those 
studies reporting decanoic acid concentrations. It was also decided to investigate the 
effect of incubating model wine with decanoic acid at these concentrations to determine 
the non-enzymatic (and therefore not yeast-mediated) esterification of MCFFA. The 
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ethanol concentration of the model wine was also modified to see what influence the 
concentration of ethanol has on the non-enzymatic formation of ethyl esters. 
The wines were removed from yeast after 20 days of fermentation and the peak rate 
of mass loss for most treatments was observed at around 6 days post-inoculation. 
However, the fermentations supplemented with the highest concentration of decanoic 
acid were delayed in reaching the peak rate of mass loss, doing so on average of 10 days 
post-inoculation. The fermentations lost between 8.3 and 12.7 % of their initial net mass 
(50 g), but no significant differences in fermentation kinetics were observed between 
treatments.  
The concentration of ethyl decanoate in wines, made by incubating model wine with 
decanoic acid, did not vary with the concentration of decanoic acid added (Table 33). 
However, the concentration of ethanol in the model wine had a big effect on ethyl ester 
formation, with 50 times more ethyl decanoate detected in 14 % ethanol incubated with 
decanoic acid than in water incubated with decanoic acid. The ethyl decanoate 
concentration in 14 % ethanol incubated model wines was two-fold greater than that of 
the 10 % ethanol incubated model wines (Table 33). 
However, wines made by fermenting model must had much higher concentrations of 
ethyl decanoate than wines made by simply incubating ethanol with decanoic acid 
(Table 33). An exception to this was the control fermentation wine, which did not have 
any initial decanoic acid and only had 6 μg/L of ethyl decanoate after fermentation 
(Table 33). Adding decanoic acid to model must to a concentration of 0.5 mM or more 
lead to fermentations that produced significantly more ethyl decanoate than 
fermentations that did not have decanoic acid supplements (Table 33). Furthermore, 
increasing the concentration of initial decanoic acid to 4- or 8-mM leads to an additional 
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significant increase in ethyl decanoate concentration in the wines once fermentation was 
complete (Table 33). 
Table 33: Ethyl decanoate concentrations of wines produced in three ways. Firstly, model musts 
were supplemented with decanoic acid and then fermented. Secondly, model wine was spiked with 
different concentrations of decanoic acid and allowed to incubate. Thirdly, model wines of varying 
ethanol concentration were spiked so that they had a concentration of 1.2 mM decanoic acid and 
allowed to incubate. All wines were produced in triplicate, with the exception of the 8 mM decanoic 
acid wine, which was produced in duplicate. Geometric means are reported. Means sharing a letter 
superscript did not significantly differ as calculated by Tukey’s HSD on the natural log 
transformed data. Log transformed data were used for ANOVA and Tukey’s tests because the 
variance increased as the mean values increased. 
 EtOH (%)        0 10 12 14 
 
initial 
decanoic 
acid (mM) 
0 0.5 1 2 4 8  2 2 2 2 
ethyl 
hexanoate 
(μg/L) fermented 
model 
must 
89a 25b 16bc 12c 9c 10c     
ethyl 
octanoate 
(μg/L) 
40a’ 15c’ 15c’ 15c’ 17c’ 25b’     
ethyl 
decanoate 
(μg/L) 
6E 80B 109AB 102AB 125A 138A     
model 
wine (12 
% EtOH) 
 27D 27D 30CD 29CD 27D     
model 
wine  
       1F 20D 30CD 43C 
 
4.3.3. Supplementation with low concentrations of trilinolein 
Following the completion of the MCFFA experiments above (Sections 4.3.1 and 
4.3.2), the natural products chemistry experiments -described in Chapter 3 - implied that 
a triacylglyceride with 54 acyl carbons and 6 double bonds (TG 54:6) is a component in 
grape extract fractions that are capable of increasing ethyl ester concentrations when the 
fractions were used to supplement model fermentations. The TG 54:6 was estimated to 
be comprised of an about 50:50 mixture of trilinolein (18:2(n-6)/18:2(n-6)/18:2(n-6)) 
and triglycerides containing one oleoyl, one linoleoyl and one linolenoyl chain (18:1(n-
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9)-18:2(n-6)-18:3(n-3)). However, the latter lipid was not available commercially and 
the former was, so trilinolein was acquired to approximate the triacylglyceride purified 
from grape berry extracts. The initial experiment sought to establish what, if any, effect 
that exogenous trilinolein has on FAEE concentration following fermentation. 
The fermentations in this experiment were very sluggish, perhaps due to the ethyl 
acetate used for adding lipid, and took 26 days to cease mass loss. However, the peak 
rate of mass loss occurred between 6- and 7-days post-inoculation, indicating that much 
of the growth limitation was in the lag phase of fermentation. Most of the trilinolein-
supplemented fermentations lost 12.3 % of their mass, which was significantly less than 
the 12.6 % lost by the fermentations supplemented with trilinolein at a concentration of 
182 μM. The control fermentations were not significantly different from any of the 
trilinolein-supplemented fermentations, losing 12.5 % of their net mass. No other 
significant differences in fermentation kinetics were observed in this experiment.  
GC-MS analysis showed that there was no significant difference in concentrations 
of any FAEE between wines made from must with trilinolein supplementation and the 
control wines, with the exception of ethyl decanoate, which was more concentrated in 
all wines made with trilinolein supplements than the control wines (Table 34). 
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Table 34: FAEE concentration of wines made from model musts supplemented with trilinolein 
across a range of sub-millimolar concentrations. All wines were produced in triplicate and 
geometric means are reported. Means sharing a letter superscript did not significantly differ as 
calculated by Tukey’s HSD on the natural log transformed data. Log transformed data were used 
for ANOVA and Tukey’s tests because the variance increased as the mean values increased. 
initial trilinolein 
(μM) 
0 2.27 22.74 45.49 90.97 181.9 
       
FAEE (μg/L)       
ethyl hexanoate 14A 21A 18A 25A 19A 28A 
ethyl octanoate 12A 19A 16A 19A 15A 21A 
ethyl decanoate 3.7C 5.3AB 5.2B 7.2A 5.1B 7.1A 
ethyl dodecanoate 0.3A 0.4A 0.3A 0.5A 0.4A 0.5A 
 
4.3.4. Supplementation with high concentrations of trilinolein 
Given the results of the experiment in Section 4.3.3 with low concentrations of 
trilinolein spiked into model must, another series of experiments were conducted with 
higher concentrations of trilinolein, to approximate the concentration of linoleoyl acyl 
chains present in must bound as complex lipids and to explore concentrations on either 
side of that approximation.  
The fermentations supplemented with high concentrations of trilinolein were 
relatively slow to complete fermentation, with harvesting occurring at 22-day post-
inoculation. The fermentations were also slow to reach a peak rate of mass loss, with the 
control taking 8.6 days to do so, and the 0.4, 1.6 and 3.3 mM trilinolein fermentations 
taking significantly longer, 9.5-9.7 days post-inoculation, to reach the peak rate of mass 
loss. Despite this, all fermentations achieved a similar final amount of mass loss, losing 
between 11.6 and 12.6 % of net mass. There was a significant difference in fermentation 
kinetics between the control fermentations and fermentations with trilinolein 
supplements. The control fermentations had a quicker rate of mass loss during the 
exponential growth phase than the fermentations that had trilinolein supplements. 
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Increasing the trilinolein concentration in the model must lead to significantly 
higher concentrations of all the FAEE in the resulting wines (Table 35). The highest 
concentrations of all FAEE were measured in the wines made from must supplemented 
so that the trilinolein concentration was 3.28 mM, with the increase in FAEE 
concentration ranging from about four-fold higher for ethyl hexanoate up to 57-fold 
higher for ethyl decanoate compared to the concentration in the control wines. 
Significantly higher concentrations of all FAEE were detected in wines made from must 
with trilinolein concentrations of 1.64 and 3.28 mM than in control wines. In addition, 
ethyl decanoate was significantly more concentrated in wines made from must with a 
0.82 mM trilinolein concentration than in wines made without trilinolein supplements. 
All of the wines made with trilinolein supplemented must had significantly higher 
concentrations of ethyl dodecanoate than wines made without supplements. 
Table 35: FAEE concentration of wines produced by fermenting model must supplemented with 
higher concentrations of trilinolein. All wines were produced in triplicate and geometric means are 
reported. Means sharing a letter superscript did not significantly differ as calculated by Tukey’s 
HSD on the natural log transformed data. Log transformed data were used for ANOVA and 
Tukey’s tests because the variance increased as the mean values increased. 
initial trilinolein (mM) 0 0.2 0.41 0.82 1.64 3.28 
       
FAEE (μg/L)       
ethyl hexanoate 11B 11B 14B 15B 28A 38A 
ethyl octanoate 3.2B 3.2B 3.5B 5.7B 18A 42A 
ethyl decanoate 2.2C 3.1C 3.2C 11.9B 62.7A 127.28A 
ethyl dodecanoate 3.0D 17.3BC 15.0C 62.0AB 171.8A 161.2A 
 
4.3.5. Supplementation with different triglycerides 
Previous studies had linked free linoleic acid to lower concentrations of FAEE. The 
results of the GCMS analysis of wines made from must supplemented with trilinolein 
raised the possibility that the association of FAEE production was specific to all 
triacylglycerides, or alternatively specific to certain classes of TG. Previous studies 
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have shown that the major fatty acids, that each make up more than 10 % of the total 
pool of acyl chains, in grape musts are linoleic acid (18:2 (9Z, 12Z), or 18:2(n-6)), 
palmitic acid (16:0), α-linolenic acid (18:3 (9Z, 12Z, 15Z), or 18:3(n-3)). Together, 
these major fatty acids account for 75-85 % of the fatty acyl chains in grape must 
(Yunoki et al., 2005, Yunoki et al., 2007). Oleic acid (18:1 (9Z)) and stearic acid (18:0) 
each contribute about 5 % of the total acyl chains in must (Yunoki et al., 2005). It was 
therefore decided to supplement model musts with monoacid triacylglycerides 
representing each of the 5 most common fatty acids in grape must to determine what 
effect on FAEE production the different acyl chains would have. In order to determine 
whether factors other than the carbon chain length and number of double bonds were 
important, such as double bond position and double bond geometry, monoacid TGs 
containing E-isomers were also included; elaidic acid (18:1 (9E)) and linoelaidic acid 
(18:2 (9E, 12E)); and the omega-6 fatty acyl; γ-linolenic acid (18:3 (6Z, 9Z, 12Z, or 
18:3(n-6)). All triacylglycerides were added to the model must in the concentration that 
was shown, 3.28 mM, in Table 35, to stimulate FAEE production.  
All of the fermentations commenced, except for one of the replicates of the γ-
trilinolenin spiked fermentations, which did not commence, presumably because the 
concentration of TG added may have been close to that at which it becomes toxic to the 
yeast. A second γ-trilinolenin-supplemented fermentation aborted fermentation after 
losing only 5 % of net mass. Wines made from must supplemented with α-trilinolenin 
lost significantly more mass than the other treatments, losing 11.3 % of net mass, 
compared to the remainder of the treatments, in which between 10.6 and 10.8 % of net 
mass was lost during fermentation. The fermentations had yeast removed at 15 days 
post-inoculation. The fermentations were much faster to reach the peak rate mass loss 
than the previously described fermentations in this chapter, with this occurring between 
3- and 4-days post-inoculation. The wines made with α-trilinolenin supplements had a 
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significantly slower exponential growth rate than the control wines and the linoleoyl 
and linoelaidoyl wines, while the control wines had a significantly slower exponential 
growth rate than the wines made with saturated or monounsaturated triglyceride 
supplements. 
 The wines were analysed for their FAEE concentration by GC-MS. Most TG 
supplemented musts produced wines that did not significantly differ in FAEE 
concentration from wines made without triacylglyceride supplements (Table 36). 
However the wine made with trilinolein supplements displayed increases in 
concentration of all medium-chain FAEE (Table 36), which confirmed the results in 
Table 35. The α-trilinolenin supplemented model must fermentations produced wines 
with significant increases in ethyl hexanoate and ethyl dodecanoate concentrations 
relative to the wines made without triacylglyceride supplemented must (Table 36). The 
trilinoelaidin supplemented musts produced wines that had significantly higher 
concentrations of ethyl octanoate than in control wines. There was an unexpected 
significant decrease in the concentration of ethyl octanoate in the wine supplemented 
with gamma-trilinolenin compared to control wines (Table 36). 
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Table 36: FAEE concentration in wines made from model must supplemented with 
triacylglycerides with differing fatty acyl chains to an initial concentration of 3.28 mM. All wines 
were produced in triplicate and geometric means are reported, with the exception of the γ-
trilinolein wine, which completed fermentation in only one case, and aborting fermentation in 
another, and did not commence fermentation in the third case. Means sharing a letter superscript 
did not significantly differ as calculated by Tukey’s HSD on the natural log transformed data. Log 
transformed data were used for ANOVA and Tukey’s tests because the variance increased as the 
mean values increased. 
fatty acid in 
initial 
triglyceride  
(3.28 mM) no TG 16:0 18:0 
18:1 
(9Z) 
18:1 
(9E) 
18:2(n-
6) 
(9Z,12Z) 
18:2 
(9E,12E) 
18:3(n-
3) 
18:3(n-
6)* 
          
FAEE (μg/L)          
ethyl hexanoate 20B 18B 16B 13B 18B 105A 24B 124A 14 
ethyl octanoate 21C 18C 15C 16C 15C 49A 39AB 22BC 7.7 
ethyl decanoate 1.4B 1.3B 0.74B 3.3AB 1.5B 10A 1.5B 0.092C 2.2 
ethyl 
dodecanoate 
nd nd 0.074C nd 0.055C 0.34A 0.037C 0.26AB 0.098 
*only two replicates of the model must supplemented with α-trilinolein commenced fermentation 
 
4.3.6. Supplementation with mono-, di- and tri-glycerides 
The results with the triacylglycerides described in Table 36 indicated that trilinolein, 
trilinoelaidin and α-trilinolenin associated with production of FAEE in fermentations. 
There was also an indication that γ-trilinolein would decrease the production of ethyl 
octanoate relative to that in control wine fermentations. To further explore the impact of 
glyceride lipid species on FAEE production, it was decided to test if triacylglycerides 
are the only glycerides that are associated with FAEE production, or if 
monoacylglycerides (MG) and diacylglycerides (DG) can also produce the same 
phenomenon. Because MG and DG have less acyl chains than TG, these were added so 
that the total acyl chain concentrations were approximately the same in each 
fermentation. Therefore, the concentration of triacylglycerides was 3.3 mM; 
diacylglycerides, 5 mM and monoacylglycerides, 9.9 mM. Diacylglycerides were 1,2-
isomers, except for the dilinolein spiked fermentations, for which fermentation 
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treatments representing each isomer, 1,2-dilinolein and 1,3-dilinolein, were used 
because these were commercially available. 
The fermentations in this experiment took a long time to complete fermentation, and 
had yeast removed at 26 days post-inoculation. The fermentations with triolein and 
diolein supplements did not commence fermentation. The fermentations supplemented 
with trilinolein lost a total of 9.1 % of net mass, while the α-trilinolenin supplemented 
wines lost 9.9 % of the net mass and the remaining fermentations lost significantly more 
than either, losing between 11.2 and 12.5 % of net mass during fermentation. The 
fermentations with different lipid supplements reached the peak rate of mass loss at 
different times; the fermentations made with supplements of PUFA glycerides all took 
10 days or more to reach the peak rate of mass loss, while the control wines did so 6.8 
days post-inoculation, and the monooleoylglyceride and stearoylglyceride supplemented 
fermentations took between 5.4 and 6.2 days to reach their peak fermentation rate. The 
slowest fermentations to reach peak fermentation rate were the fermentations made with 
trilinolein or α-trilinolenin supplements, taking 12.6 and 12 days to reach peak 
fermentation rates, respectively. The overall fermentation kinetics did not significantly 
differ in other respects. 
The concentrations of the medium chain FAEE in the wines made from must 
supplemented with the various glyceride lipids are tabulated in Table 37. Glycerides 
containing stearoyl chains made no significant impact on the FAEE concentration, with 
these wines having similar concentrations of these volatiles as the control wines (Table 
37). The monoolein supplemented musts produced wines that did not differ in FAEE 
concentrations from control wines, with the exception of ethyl hexanoate, which was 
2.5-fold times higher in these wines than in wines made without lipid supplements 
(Table 37). The trilinolein and α-trilinolenin supplemented wines displayed large 
increases in concentration of all four medium-chain FAEE, ranging from 4-fold up to 
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112-fold higher relative to the control wines (Table 37). The 1,2-diacylglycerides of 
these PUFAs also had significantly higher concentrations of most FAEE when 
compared to the control wines, although they generally did not achieve the high FAEE 
concentrations that their triacylglyceride counterparts produced, with the exception of 
ethyl hexanoate, which was not significantly different in diacylglyceride PUFA wines 
than in triacylglyceride PUFA wines (Table 37). The 1,3-dilinoleoyl glyceride wines 
had significantly higher concentrations of ethyl hexanoate and ethyl octanoate than the 
control wines, and also compared to the 1,2-dilinoleoyl glyceride wines, but had 
significantly less ethyl octanoate than the trinoleoyl glyceride wines (Table 37). 
Table 37: FAEE concentration in wines made from model must supplemented with various 
glycerides with differing fatty acyl chains to an initial concentration of acyl chain of about 9.9 mM. 
All wines were produced in triplicate and geometric means are reported, except in the case of the 
triolein and diolein wines, which did not commence fermentation. Means sharing a letter 
superscript did not significantly differ as calculated by Tukey’s HSD test on the natural log 
transformed data. Log transformed data were used for ANOVA and Tukey’s tests because the 
variance increased as the mean values increased. 
acyl chain Control   18:0   18:1(n-9)  18:2(n-6)  α-18:3(n-3) 
glyceride   TG DG MG  TG DG MG  TG DG DG MG  TG DG MG 
position -   1,2    1,2    1,2 1,3    1,2  
initial 
concentration 
(mM) 
-  3.3 5 9.9  3.3 5 9.9  3.3 5 5 9.9  3.3 5 9.9 
                   
FAEE (μg/L)                   
ethyl 
hexanoate 
14F  15F 23EF 28DEF  NA NA 35CDE  123A 95AB 109AB 69ABC  58ABCD 54BCD 29DEF 
ethyl 
octanoate 
12D  14D 23CD 26CD  NA NA 18CD  518A 34BC 39BC 16CD  248A 82BC 18CD 
ethyl 
decanoate 
3.7CD  5.6BCD 9.8BCD 11BC  NA NA 3.8CD  417A 7.1BCD 7.0BCD 3.3D  289A 13B 3.7CD 
ethyl 
dodecanoate 
0.3C  0.7BC 0.7BC 0.6BC  NA NA 0.4BC  9A 0.9B 0.8BC 0.8BC  10A 0.6BC 0.6BC 
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4.3.7. Supplementation with free fatty acids and triglycerides 
Given the influence that the PUFA-containing glycerides had on the FAEE 
concentrations in Sections 4.3.5 and 4.3.6, the comparison of free PUFA and 
triglyceride PUFA was deemed to be worth investigating.  
Most of the fermentations proceeded relatively quickly, reaching peak fermentation 
rates between 3.7- and 4-days post-inoculation, and had yeast removed at 17 days after 
fermentation. However, the fermentations made with γ-linolenic acid supplements did 
not commence. The fermentations lost between 11.7 and 12.5 % of net mass, and the 
fermentation kinetics did not differ between treatments in replicates that commenced 
fermentation.  
The model wines made in this experiment confirmed the results of previous sections 
(Table 35, Table 36 and Table 37) that demonstrated that PUFA supplements result in 
wine with some significant increases in FAEE concentrations compared to wines made 
from unsupplemented musts. However, this trend did not extend to the γ-linolenic acid 
supplemented musts, which produced wines with similar FAEE concentrations as wines 
made without the lipid supplements (Table 38). The model wines made after addition of 
either linoleic acid or α-linoleic acid had significantly higher concentrations of ethyl 
hexanoate and ethyl octanoate than the control wines, but did not differ from control 
wines in their ethyl decanoate and ethyl dodecanoate concentrations (Table 38). 
Trilinolein supplemented musts produced wines that had higher concentrations of all 
four medium chain FAEE compared to the control wines, while α-trilinolenin had 
significantly higher concentrations of both ethyl hexanoate and ethyl octanoate relative 
to the control wines, but did not display ethyl decanoate and ethyl dodecanoate 
concentrations in excess of those of the control wines (Table 38). Neither of these 
triacylglycerides produced wines with ethyl hexanoate concentrations as high as those 
of their respective free fatty acids (Table 38). 
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Table 38: FAEE concentration in wines made from model must supplemented with various 
triglycerides and free fatty acids with differing PUFA chains to an initial concentration of acyl 
chain of about 9.9 mM. All wines were produced in triplicate and geometric means are reported, 
with the exception of the wines made from must supplemented with gamma-linolenic acid, which 
were not produced because fermentation did not commence. Means sharing a letter superscript did 
not significantly differ as calculated by Tukey’s HSD test on the natural log transformed data. Log 
transformed data were used for ANOVA and Tukey’s tests because the variance increased as the 
mean values increased. 
 control 
linoleic 
acid trilinolein 
α -
linolenic 
acid 
α-
trilinolenin 
γ-
linolenic 
acid 
γ-
trilinolenin 
FAEE (μg/L)        
ethyl 
hexanoate 2.0D 5.0B 2.8C 11A 5.3B NA 1.9D 
ethyl 
octanoate 0.76C 2.4AB 4.9A 2.1AB 3.4AB NA 1.6BC 
ethyl 
decanoate 0.48B 1.1AB 3.3A 1.3AB 1.6AB NA 0.46B 
ethyl 
dodecanoate 0.65B 1.1AB 2.2A 1.4AB 1.1AB NA 0.55B 
 
4.3.8. Supplementation with 13C-labelled trilinolein 
The general trend in the experiments in the above sections is that when exogenous 
sources of some polyunsaturated fatty acyl chains are supplied in the must medium, the 
final concentrations of the fermented wines will be greater than it would have been in 
the absence of the PUFA. Trilinolein was usually the most effective compound at 
inducing an increase in FAEE in wine made after the must was supplemented at the acyl 
chain concentrations investigated in this chapter. While yeast have a de-novo pathway 
for the production of FAEE using sugars as a carbon source, it is not clear if the 
increases in FAEE are due to an alteration in yeast metabolism or if the supplementation 
with PUFA could be directly metabolised to form the carbon chain that makes up 
FAEE. In order to test the idea that PUFA are precursors to FAEE, an exhaustively-
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labelled, stable isotope-labelled PUFA TG was sought, but this was not commercially 
available in the quantities desired for the fermentation experiment. This section 
describes the attempt to synthesise acylglycerides containing 13C-labelled acyl chains, 
and the effect on the isotope composition of the FAEE produced during fermentation 
when adding of this compound to model must prior to fermentation commencement.  
4.3.8.1. Synthesis of labelled trilinolein 
De-methylation of labelled methyl linoleate 
In order to produce labelled linoleic acid for esterification with glycerol, the labelled 
methyl linoleate needed to be de-methylated. First, 20 mL of dry DMF was added to a 
round bottom flask flushed with nitrogen, followed by 0.983 g of methyl 13C18-linoleate, 
and the clear solution became pale yellow. Next, 10 mL of 45 % w/v NaOH (aq) was 
added. After five minutes of stirring, the reaction was slightly cloudy and bubbles with 
a yellow film formed. The bubbles occasionally mixed with the rest of the solution. 
After two hours, TLC (silica with mobile phase 70:30:0.5 hexane/diethyl ether/acetic 
acid, sprayed with primuline solution (0.01 %, 4:1 acetone/water) and visualised under 
UV) indicated that the labelled methyl linoleate (Rf=0.60) was fully consumed, and that 
labelled linoleic acid (Rf=0.28) was the only lipid product. Therefore, after the reaction 
was completed, the sodium hydroxide was neutralised and the solution mildly acidified 
with the addition of 100 mL of 0.5 N HCl (aq). Organic extraction was carried out with 
hexane, and the organic fraction concentrated and dried to yield 0.930 g of a colourless, 
clear oil (99.1 % yield).  
Steglich esterification of labelled linoleic acid with glycerol 
In order to esterify labelled linoleic acid with glycerol, a Steglich esterification was 
attempted (Neises and Steglich, 1978). First, 0.8448 g of glycerol, 0.8088 g of labelled 
linoleic acid, and 0.036671 g of DMAP were added to a round bottom flask under a 
nitrogen atmosphere, and then 0.61956 g of DCC was added. The total volume of DMF 
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used in this reaction was 16.89 mL. The glycerol did not fully dissolve in the DMF so 
10 mL of DCM was added. After 24 hours, an additional 0.0107 g of DMAP and 0.0557 
g of DCC in 5 mL of DCM was added to the reaction. After 30 hours of total reaction 
time, TLC (silica with mobile phase 70:30:0.5 hexane/diethyl ether/acetic acid, sprayed 
with primuline solution (0.01 %, 4:1 acetone/water) and visualised under UV) indicated 
that all of the labelled linoleic acid (Rf=0.28) was consumed, and that a mixture was 
formed, of mono-glycerides (Rf=0.05, fluoresces under UV) , di-glycerides (Rf=0.22, 
fluoresces under UV) and tri-glycerides (Rf=0.59, faint, dark purple spot under UV). 
The DMAP was precipitated with NH4Cl (aq), and the crystals filtered out and the 
organic fraction extracted with hexane. An aqueous solution of NaHCO3 was used to 
wash out any remaining DCC, and the organic solution filtered, concentrated and dried, 
yielding 1.3132 g of pale yellow, clear oil. 
Flash chromatography was attempted in order to purify the oily reaction products of 
the reaction. A 2 cm diameter glass column was packed with a cotton wool plug and 40 
g of silica and washed with three volumes of hexane, followed by three volumes of 20:1 
hexane/ethyl acetate. The product was loaded in 20:1 hexane/ethyl acetate and the vial 
washed with the subsequent mobile phase solvents prior to adding them to the column. 
After three column volumes of 20:1 hexane/ethyl acetate eluent were collected, the 
mobile phase was switched to three column volumes of 75:25 hexane/ethyl acetate, then 
to three column volumes of 75:25:1 hexane/ethyl acetate/acetic acid, followed by three 
column volumes of 90:10 acetone/chloroform. These solvents would result in 
triacylglyceride, diacylglyceride, free fatty acid and monoacylglyceride fractions, 
respectively (Mattson and Volpenhein, 1962). The main fractions by mass were the last 
of the 75:25 hexane/ethyl acetate fractions (0.7204 g clear oil) and the first and second 
fractions of the 75:25:1 hexane/ethyl acetate/acetic acid fractions (0.3522 g clear oil and 
0.0226 g small droplets of clear oil, respectively). All of the fractions that contained 
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more than 5 mg of product were assessed by TLC (developed and visualised as 
described above), and all the fractions had an absence of labelled linoleic acid 
(Rf=0.27). The largest fraction by mass contained a mixture of tri(
13C18-linoleoyl)-
glycerol (Rf=0.60, faint, dark purple spot under UV) and di(
13C18-linoleoyl)-glycerol 
(Rf=0.23, fluoresced under UV). The next fraction contained only di(
13C18-linoleoyl)-
glycerol (Rf=0.24, fluoresced under UV), while the next few fractions contained 
mono(13C18-linoleoyl)-glycerol (Rf=0.02, faintly fluoresced under UV). The mixture of 
tri- and di-glyceride was taken and a second attempt was made to separate the 
compounds with silica flash chromatography, with 20 g of silica and a similar solvent 
system. This time the fractions were assessed by TLC but no primuline stained tri-
glyceride (Rf=0.60) was able to be seen fluorescing under UV, only the labelled di-
glyceride was detected in the fractions (Rf=0.24).  
4.3.8.2. Re-attempt of synthesis 
De-methylation of labelled methyl linoleate 
A second attempt was made to synthesise labelled trilinolein. This time, 0.474 g of 
labelled methyl linoleate was added to 10 mL of dry DMF under nitrogen. Then 5 mL 
of 45 % w/v NaOH (aq), then stirred for two hours until reaction was complete (TLC 
indicated consumption of starting product), followed by neutralisation and acidification 
with 50 mL of 1.2 M HCl (aq), and dilution with 100 mL of water. Extraction with three 
times 10 mL of DCM and three times 10 mL ethyl acetate, followed by washing the 
organic fractions with three times 20 mL of 1 M LiCl (aq) solution, extraction of 
organic phase and drying with MgSO4. The organic fraction was filtered and 
concentrated under reduced pressure and dried with a freeze-dryer. The de-methylation 
yielded 0.3263 g of clear oil (100 % yield). 
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Steglich esterification 
First, 0.0303 g of glycerol (dissolved in 5 mL of dry DCM with 1 mL of dry 
acetone), 0.3238 g of labelled linoleic acid (dissolved in 5 mL dry DCM), and 0.0244 g 
of DMAP (dissolved in 5 mL dry DCM) were added to a round bottom flask under a 
nitrogen atmosphere. Next an additional 5 mL of dry acetone was added, and the 
glycerol dissolved homogenously. The reaction was cooled in ice and started by adding 
0.2063 g of DCC (dissolved in 5 mL dry DCM). The reaction was allowed to rise to 
room temperature over three hours, while stirring. After four hours the TLC showed a 
small amount of unreacted labelled linoleic acid (Rf=0.27) and tri(
13C18-linoleoyl)-
glycerol (Rf=0.60, faint, dark purple spot under UV). However, no di(
13C18-linoleoyl)-
glycerol (Rf=0.24) or mono(
13C18-linoleoyl)-glycerol (Rf=0.02) were detected. The 
reaction was washed with NH4Cl (aq), filtered out and the organic fraction extracted 
with hexane. Next, the organic solvent was washed with saturated NaHCO3 (aq) and the 
organic solution filtered, concentrated and dried. A silica flash chromatography was 
attempted. After the chromatography the target fraction still contained a mixture of TG 
and DG. Only 35.1 mg of DG/TG mixture (11.4 % yield) was able to be purified for use 
in model must fermentation. Because both the triglycerides and diglycerides of linoleic 
acid elicited dramatic increases in FAEE production by yeast (Table 37), it was decided 
that further separation of TG and DGs of labelled linoleic acid would not be attempted. 
4.3.8.3. Characterization of mixture of labelled trilinolein and dilinolein. 
The 13C-labelling of the acyl chains created complications, as the elevated 
abundance of 13C added additional 13C-13C and 1H-13C couplings which would be 
miniscule in unlabelled compound. The extra coupling peaks sometimes overlapped 
peaks that were necessary for estimation of the ratio of the glycerides that were formed 
during the reaction. HMBC data confirmed that the glycerol in the glycerides was 
linked to the labelled acyl chains by ester bonds. The HSQC data confirmed that the sn-
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2 proton in the triglyceride overlapped with one of the sets, produced by abundant 1H-
13C coupling, of the alkenyl proton peaks in the labelled linoleoyl chains. In order to 
estimate the contribution of this triglyceride proton to the integral of the combined peak, 
an assumption was made: that the two sets of alkenyl protons would have the same area 
and that any additional area was due to the contribution of the triglyceride proton. An 
additional overlap occurred with the TG and 1,3-DG Hb resonances on the sn-1 and sn-3 
positions (Table 39). In order to calculate the relative contribution of these two 
compounds to the area of this resonance, the assumption that was made was that the 
area contributed by the 1,3-DG was identical to the area of the Ha 1,3-DG resonance. 
Using the calculated and measured areas (per proton) on the sn-1 and sn-3 positions, the 
ratio of 1,3-DG:1,2-DG:TG was 56.4 %:29.4 %:14.2 %. The ratio of 1,3-DG to 1,2-DG 
was approximately the same if calculated from the areas of the sn-2 proton resonances, 
but the calculated proportion of TG was substantially less, which perhaps indicates that 
the assumption regarding the integrals of the alkenyl region being equal was not sound. 
Table 39: Proton resonances used for estimation of proportions of labelled triacylglyceride and 
labelled diacylglycerides synthesised by Steglich esterification. 
1H δ   Area (calculated area contributions) 
5.26 up field -13CH=13CH- 
resonances + sn-2 of 
TG 
19,485.92 (19,485.92-19,250.250 [down field 
13CH=13CH- resonance area] =235.71[calculated TG 
contribution of 1 H]) 
5.07 sn-2 of 1,2-DG 2,181.37 [1H] 
4.29 (not 
verified by 
HSQC) 
Ha on sn-1,3 of TG 4258.90 
4.23 sn-1 of 1,2-DG 2,284.02 [2H] 
4.17 Ha on sn-1,3 of 1,3-
DG 
4,481.35 [2 Hb] 
4.13 Hb on sn-1,3 of TG + 
Hb on sn-1,3 of 1,3-
DG 
5,608.30 (5,608.30-4,481.35 [Ha of 1,3-DG] = 1126.95 
[calculated TG contribution of the 2 Hb]) 
4.07 sn-2 of 1,3-DG 3,937.28 [1H] 
3.72 sn-3 of 1,2-DG 2,392.82 [2H] 
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The mixture of labelled DG and TG was not subjected to LC-MS for 
characterisation as this technique is destructive and all of the limited quantity available 
was required to be recovered for use in the fermentation experiment. 
4.3.8.4. GC-MS analysis of wine made from must supplemented with labelled 
dilinolein/trilinolein 
Because only 35.1 mg of the mixture of labelled dilinolein and trilinolein was 
synthesised, only one fermentation was conducted with this mixture, alongside triplicate 
control fermentations and triplicate fermentations using unlabelled trilinolein as a 
supplement. Addition of the unlabelled trilinolein to the must elicited a significantly 
higher concentration of all four medium-chain FAEE compared to the control wines 
(Table 40). The single labelled trilinolein/dilinolein wine produced similar 
concentrations of FAEE as the unlabelled trilinolein wines, although it appeared to 
produce an excess of ethyl dodecanoate relative to the wines made with unlabelled 
supplements. The peak area used for quantification of the FAEE was m/z 88, which is 
the mass-to-charge ratio of C4O2H9, formed by the McLafferty rearrangement at the 
ester end of the ethyl esters. If the labelled mixture acted as a precursor to FAEE, it 
would therefore have produced FAEE that undergo McLafferty rearrangement to 
12C2
13C2O2H9, which would have m/z 90. The only changes in m/z 90 ion areas from 
labelled to unlabelled lipid wines appeared to be simply proportional to those in the m/z 
88 ion, with the possible exception of ethyl hexanoate and ethyl decanoate. For ethyl 
hexanoate, for which the increase in the m/z 90 ion in labelled lipid wines compared to 
unlabelled lipid wines was greater than that expected based on proportion with the area 
of respective m/z 88 ions. However, for ethyl decanoate, the labelled mixture wines had 
a lower than expected m/z 90 peak area. Therefore, an explanation that involved a real 
increase in the proportion of m/z 90 to m/z 88 for ethyl hexanoate because of labelled 
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isotopes in linoleoyl glycerides would also have to explain why the proportion of m/z 90 
to m/z 88 was lower for ethyl decanoate in the wines with labelled linoleoyl glycerides. 
Table 40: FAEE concentrations (and relative peak area of m/z 90 at respective retention time) of 
wines made from must without supplements, or supplemented with either unlabelled trilinolein or a 
mixture of 13C labelled trilinolein and 13C labelled dilinolein. Control and unlabelled fermentations 
were carried out in triplicate, while only one replicate of the labelled mixture wines was produced. 
Geometric means are reported and means sharing a letter superscript did not significantly differ as 
calculated by Tukey’s HSD test on the natural log transformed data. Tukey’s test and ANOVA 
were not performed on the single labelled mixture wine sample. Log transformed data were used 
for ANOVA and Tukey’s tests because the variance increased as the mean values increased. 
   control 
unlabelled 
trilinolein 
labelled 
linoleoyl 
glyceride 
      
FAEE (μg/L)     
ethyl hexanoate  3.3A 4.4A 4.5 
ethyl octanoate  4.6B 17A 17 
ethyl decanoate  3.8B 32A 30 
ethyl dodecanoate  0.80B 5.3A 10.9 
      
m/z 90 relative peak 
area    
ethyl hexanoate  0.0018A 0.0023A 0.0074 
ethyl octanoate  0.0024A 0.0085A 0.010 
ethyl decanoate  0.0015B 0.012A 0.0012 
ethyl dodecanoate  ND 0.0017 0.0034 
 
4.4. Discussion 
The tissue-supplemented model must experiment in Chapter 2 suggested that some 
component in grape tissues, particularly in seeds, altered the production of fatty acid 
ethyl esters during fermentation. The natural products separation work described in 
Chapter 3 suggested that a grape component, a poly-unsaturated fatty acid 
triacylglyceride, was responsible for alteration of the ethyl ester concentration in these 
wines. Therefore, the work in this chapter was designed to explore the exogenous lipid 
factors and build on existing literature about this phenomenon.  
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The first set of fermentations aimed to test the effect of adding three medium chain 
fatty acids to model must, in particular the final concentrations of the FAEE in the 
resulting wines. Concentrations of octanoic acid or decanoic acid ranging from 0.3-4.8 
μM did not result in an increase of the FAEE in the wines once fermentation was 
complete. However, the 4.8 μM dodecanoic acid supplemented model must produced 
wines with significantly higher ethyl dodecanoate concentrations than wines made from 
must without fatty acid additions. However, the ethyl dodecanoate concentration in the 
4.8 μM dodecanoic acid wine was the same as that reported in the control wines in Boss 
et al. (Boss et al., 2015). This suggests that the control wine in this chapter had an 
unusually low ethyl dodecanoate concentration, and that the 4.8 μM concentrations of 
MCFA really did not elicit an increase in FAEE, which would be in agreement with the 
work of Boss et al., who reported that the threshold concentration of dodecanoic acid 
required for an increase in ethyl dodecanoate was between 100 μM and 1 mM (Boss et 
al., 2015). Saerens et al. showed a similar phenomenon with ethyl hexanoate and 
hexanoic acid, and with ethyl octanoic acid and octanoic acid. Therefore, it is not 
surprising that none of the musts sub-mM concentrations of MCFA resulted in wines 
with significantly higher FAEE concentrations than musts without MCFA supplements 
can achieve. It was decided to test decanoic acid supplementation of model must in 
concentrations around 1 mM and the results indicate that ethyl decanoate does 
significantly increase when decanoic acid is added (Table 33). If the exogenous MCFA 
mainly alters the equilibrium of chemical esterification or amount of CoA-activated 
medium chain fatty acids being esterified by enzymes, then only the concentration of 
decanoic acid, for example, should increase the concentration of ethyl decanoate. 
However, the work of Taylor et al. would suggest, for example, that the ethyl decanoate 
concentration should rise if hexanoic acid or octanoic acid was added, albeit in 
concentrations above those used in this work (Taylor and Kirsop, 1977). Some of the 
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additional decanoic acid might therefore be expected to be extended and esterified to 
produce ethyl dodecanoate. Unfortunately, the wines in the relevant experiment were 
only analysed in the 1:100 dilution, and ethyl dodecanoate was therefore unable to be 
quantified in these samples to see if it would increase with exogenous decanoic acid 
supplements. However, the concentrations of ethyl hexanoate and ethyl octanoate were 
significantly lower in wines made with decanoic acid supplements than in wines made 
without the exogenous fatty acids (Table 33). The fact that they did not increase 
confirms that the catabolic route of fatty acid degradation is not occurring (Taylor and 
Kirsop, 1977). However, the significant decrease in ethyl hexanoate and ethyl octanoate 
concentrations would seem to conflict with the model of Dufour et al., as the supposed 
increase in decanoyl-CoA in the FAS cycle would lead to an increase in the number of 
cycles that abort before the octanoyl-CoA to decanoyl-CoA step (Dufour et al., 2008). 
Furthermore, if the decanoic acid can be further extended to create a surplus of saturated 
fatty acids (SFA), then the SFA would inhibit the acetyl-CoA carboxylase, and this 
would result in more incomplete FAS cycles, further increasing the amount of MCFA, 
according to the model of Dufour and co-workers (Dufour et al., 2008). A modification 
to the Dufour model could be made to help explain this; the elongation of longer acyl-
CoA in the FAS cycle could be enzymatically favoured over elongation of shorter acyl-
ACP. In the modified model, the limited malonyl-CoA will be more likely to be added 
to the excess of decanoyl-CoA and longer chain acyl-CoA than to the shorter chain acyl 
–CoA, so fewer instances of the early FAS cycle would be initiated and extended, but 
instead an increase in the complete instances of palmitoyl-CoA synthesis would be 
expected. 
 
However, the concentration of exogenous medium chain free fatty acids could not be 
the only grape-derived factor that influenced FAEE concentration, as there were no 
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volatiles in the pre-fermentation fractions in Chapter 3. It was decided that triglycerides 
similar to those identified in Chapter 3, would be supplied in model must to determine 
whether the increase in FAEE concentration could be partly attributed to these lipids. 
The concentration of one of the lipid components, trilinolein, was found to increase the 
concentration of all four medium chain fatty acid ethyl esters compared to the control 
(Table 36). The shorter chain FAEE required higher concentrations of trilinolein to 
induce an increase in their concentrations compared to ethyl decanoate or ethyl 
dodecanoate, while ethyl decanoate required a higher concentration of trilinolein than 
ethyl dodecanoate did, in order to see an increase in concentration in the final wine. The 
lower concentrations of trilinolein did not elicit a change in any FAEE, with the 
exception of ethyl decanoate, which had elevated concentrations associated with any 
tested concentration of trilinolein in the model must (Table 35). The apparent 
contradiction between the ethyl decanoate results for these two experiments may be due 
the different conditions used in the model fermentations; in the high concentration 
trilinolein experiments, acetone was used for a transfer solvent prior to fermentation and 
flasks were swirled by hand during fermentation; while in the lower concentration 
trilinolein experiments, ethyl acetate was used for transferring the lipid prior to 
fermentation and the flasks were swirled using a rotary shaker. These two variables 
could have altered the fermentations; the ethyl acetate may have sequestered lipids or 
volatiles, while acetone would be miscible with the must solution, or the ethyl acetate 
may have acted as an environmental stress that the yeast was able to mitigate by 
incorporating exogenous lipids. An alternative is that, because ethyl acetate is a product 
of acetyl-coA and ethanol, the excess of ethyl acetate would have led to a build-up of 
acetyl-CoA in the yeast. Acetyl-CoA is a starting substrate for initiation of fatty acid 
synthesis, so the fermentations with acetone would have a different lipid synthesis 
profile than the fermentations with ethyl acetate. The method of swirling may also have 
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altered the amount of oxygen available to the yeast, particularly in the early stages of 
fermentation, and this in turn would change the amount of endogenous unsaturated fatty 
acids that the yeast was able to produce. The species of acyl chain and the lipid class 
were also important in eliciting the increase in FAEE. Trilinolein was the TG most 
consistently associated with elevated FAEE production, of those used in the studies.  
Furthermore, α-trilinolenin was occasionally seen to increase some FAEE 
concentrations when used as a must supplement. The free fatty acids and 
diacylglycerides of both linolein and α-linolenin were also able to significantly increase 
the concentrations of some FAEE (particularly ethyl hexanoate and ethyl octanoate), 
although not to the same extent that the triacylglycerides were able to (Table 37 and 
Table 38). These experiments in particular are important because they are the first 
experiments to compare the different forms of complex and free fatty acids on yeast, 
and they show that they are not equivalent (for the same molar equivalent of fatty acyl 
chains).  
The finding that trilinolein can increase the production of ethyl esters when added to 
model musts is a significant finding. Previous research has indicated that mixtures of 
unsaturated free fatty acids and complex lipids, particularly linoleoyl-moiety containing 
lipids, are negatively correlated with high FAEE concentrations (Yunoki et al., 2005, 
Yunoki et al., 2007). However, the work in this chapter distinguished between some of 
the various forms of linoleic acid that may be present in grapes and grape musts, namely 
free fatty acids, monoacylglycerides, diacylglycerides and triacylglycerides. This 
appears to be an important distinction, because, while linoleoyl chains are incorporated 
into the yeast membranes (Yunoki et al., 2007), the lipid class to which the lipid 
belongs could influence the pathway of internalisation and incorporation. Because 
trilinolein is a triacylglyceride, it would be expected that the yeast would direct the 
internalised trilinolein into lipid droplets for storage, or perhaps even internalising the 
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entire exogenous lipid droplets. This might be different to how the yeast might 
internalise a phospholipid containing linoleoyl chains, which presumably would be 
directed towards those parts of the membranes that are relatively rich in that lipid class, 
for example phosphatidylcholines might be more directed to the outer cellular 
membrane and phosphatidylethanolamines to the inner cellular membrane. Some 
phospholipid precursors, choline and inositol, are known to be negative regulators of 
acetyl-CoA carboxylase and FAS (Hasslacher et al., 1993, Furukawa et al., 2003). It is 
therefore reasonable to expect musts with low PC and PI concentrations could increase 
MCFAEE synthesis. Because the both lipid class and acyl chain, not simply the fatty 
acyl chain, were factors in governing the effects that exogenous lipids have on FAEE 
concentrations, it was decided that the lipid composition of grapes and their tissues 
would have to be determined in greater detail. The work of Miele et al. suggests that 
grapes also contain phospholipids and glycolipids, including linoleoyl acyl chain 
moieties, and that these are extracted into the must (Miele et al., 1993). While 
phospholipids and glycolipids standards can be expensive relative to glycerides, the fact 
that different glycerides and free fatty acids had a different impact on yeast FAEE 
production, as well as the expected changes in aroma profiles in response to 
phospholipid precursors, could be an indicator that experiments with exogenous 
phospholipids or glycolipids could be worthwhile, in order to determine what, if any, 
impact these classes of lipids have if supplied to yeast. It is already known that yeast 
internalise analogues of some of the other lipid classes, such as PC and PE (Grant et al., 
2001), PS (Stevens et al., 2008) and PA (Trotter, 2000).  
One of the issues with the studies in this chapter was the apparent toxicity of some 
lipids (gamma-linolenic acid, Table 38; diolein and triolein, Table 37) towards the yeast 
as well as the inconsistency across the different experiments (triolein fermentations 
were able to commence in some cases, cf. Table 36, but not in others, cf. Table 37). One 
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explanation, that may reconcile the findings in this chapter with previous studies that 
indicated that exogenous UFA lowers FAEE concentrations, is that the toxicity of UFAs 
at high concentrations lowers yeast growth and the resulting high rate of premature 
dissociation of acyl-CoAs from FAS provides substrate for formation of FAEE. At 
lower concentrations, the UFA allows growth with a lower requirement for SFA, which 
would otherwise suppress acetyl CoA carboxylase, and this allows elongation of acyl-
CoA to complete unimpeded, which would reduce the pool of MCFA from aborted FAS 
cycles (Dufour et al., 2008). This explanation would be consistent with results in Table 
35 and Table 37, where significantly slower and less complete fermentations had 
significantly higher concentrations of FAEE. However, this hypothesis was not clearly 
confirmed by the work in this chapter, as in Table 36 and Table 38, higher FAEE 
concentrations are observed without differences in fermentation kinetics. Furthermore, 
in Section 4.3.5 fermentations that proceeded further than the rest had elevated FAEE 
concentrations. The supposedly sub-toxic concentrations of trilinolein concentrations in 
Section 4.3.3 would not provide a test of this hypothesis and besides, no FAEE 
concentration differences were generally observed in the fermentations that fermented 
faster and further in this section. Saerens et al. noted that high concentrations of oleic 
acid (>0.5 mM) enhanced FAEE production (Saerens et al., 2008a), and suggested that 
there is a large induction of EEB1 expression by oleate, as demonstrated by Karpichev 
et al. with 3.5 mM oleate (Karpichev et al., 1997). Based on the results in this chapter, 
where PUFA concentrations above 1 mM tended to enhance FAEE accumulation, it 
might also be expected that there would be analogous changes to transcription or 
expression in yeast in response to exogenous linoleate or α-linolenate.  
The failure of some musts to commence fermentation could also be due to addition of 
exogenous lipids at a concentration where they are toxic to the yeast. The differences 
between fermentation performance and volatile profile between the different 
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experiments could be due to the different solvents used for lipid transfer (acetone in 
some experiments, ethyl acetate in others). As noted earlier, the ethyl acetate and 
acetone could present different environmental stresses to the yeast, and could change 
the way they respond to presence or absence of lipids in the fermentation media. Other 
researchers have added exogenous lipids in an ethanolic solution. This would not have 
always been practical in the experiments of this chapter, as the solubility of lipids in 
ethanol is relatively low compared to the targeted lipid concentrations in this chapter. 
However, in most cases the lipids were not easily dissolved, even in acetone or ethyl 
acetate. Furthermore, in the case of ethyl acetate, the lipids might not have been as 
available to the yeast, as the ethyl acetate is not miscible in the model must, and may 
sequester lipophilic components of the media. Another disadvantage of exogenous ethyl 
acetate is that it may increase the amount of acetyl-CoA in the cytosol, due to a possible 
equilibrium between the two, and, assuming the Dufour model, this may reduce the 
proportion of medium chain acyl-CoA released from FAS. It would therefore be wise to 
repeat these experiments, using lower concentrations of lipids, and addition of lipid with 
either acetone or ethanolic solution, in order to eliminate the inconsistencies between 
experiments. 
Unfortunately, the ethanol concentrations of the model wines produced in this 
chapter were not determined. Lipid content of must improves yeast growth rates and 
viability, and allows adaptation to ethanol in the fermenting wine. Given the 
dependence of ethyl decanoate production on the concentration of ethanol, rather than 
on the decanoic acid concentration (Table 33), it might be thought that supplementing 
model musts with lipid simply allows the wines to reach a higher concentration of 
ethanol than they would otherwise, and that therefore FAEE concentrations would also 
rise, as a function of ethanol concentration. However, even the 14 % ethanol wines 
incubated with decanoic acid had less than half the concentration of ethyl decanoate of 
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wines produced by fermenting must supplemented with decanoic acid (Table 33). Also, 
it would be suspected that the yeast in those fermentations have fermented most of the 
available sugars, and that, if anything, those with added MCFA were slower to reach 
dryness (as measured by a lack of weight loss). This suggests that yeast-initiated 
esterification still has a significant role in FAEE production. 
One of the possible explanations for the effect of exogenous trilinolein of FAEE 
production is that the linoleoyl chains are catabolised to produce medium chain fatty 
acyl chains and that these are then esterified by the yeast. However, the labelled linoleic 
glyceride experiment shows that, while labelled glyceride can induce the same FAEE 
response that unlabelled trilinolein does, there is not an obvious carrying over of 
isotopic labelling into the FAEE made by the yeast (Table 40). The m/z 90 peaks that 
were observed appeared to be associated with m/z 88, or were equally likely to be above 
the expected ratio as below the expected ratio, which might suggest that their presence 
is not due to isotopically labelled FAEE. One problem that was anticipated with this 
experiment was that, because the labelled glyceride was a mixture of trilinolein and 
dilinolein, there might not be a comparable increase in FAEE in the wines made with 
labelled glyceride. However, the concentrations of all the FAEE in wines made from the 
labelled glyceride spiked must were comparable to those in the wines made from the 
unlabelled trilinolein-spiked must (Table 40). The synthetic yield for the de-methylation 
of methyl linoleate was almost complete (99.1-100 %), as expected. However, the 
Steglich esterification appeared to give both a low yield and incomplete reaction. This 
may be due to the steric effects that two acylated glycerols may have on the likelihood 
of the third acylation occurring. However, Neises and Steglich reported tristearin yields 
of 87 % (Neises and Steglich, 1978). The low yield might be avoided by introducing a 
protection group on the primary alcohols of glycerol so that the secondary alcohol can 
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be acylated selectively, then removing the protecting group and acylating the remaining 
alcohol groups.  
The result indicating that isotopic label does not flow from exogenous lipid to FAEE 
is in line with the metabolic flux study by Nisbet et al., who found that the carbons in 
FAEE come almost entirely from hexose sugars (Nisbet et al., 2014). However, the 
experiment was necessary in this chapter because the yeast metabolism might behave 
differently in the presence of exogenous lipids. The experiment also could not rely on 
the conclusion of Taylor et al., who discounted the catabolic route for formation of 
MCFA based on the absence of odd-numbered FAEE in fermentations supplemented 
with odd-numbered long-chain FA (Taylor and Kirsop, 1977), as degradation of 
unsaturated lipids differs from that of saturated lipids and the degradation of even-
numbered acyl chains involves a different enzyme than that used to degrade acyl chains 
with uneven numbers of carbons (Kindl, 1993).  
4.5. Conclusions and implications 
In this chapter the concentration of trilinolein has been shown to be an important 
factor contributing to FAEE accumulation in fermentation. The facts that trilinolein is a 
triacylglyceride and that it contains linoleate moieties were both shown to be important 
components of the factors contributing to this phenomenon, as other lipids containing 
other acyl chains generally did not have the same impact that trilinolein had. Neither 
free fatty acids, nor other neutral lipids appeared to have the same influence that 
trilinolein had on the FAEE accumulation in yeast. The isotopic labelling experiment 
showed that there was not a significant catabolysis of exogenous linoleoyl glycerides as 
a carbon source for producing FAEE. Instead, it suggests that the increase in FAEE is 
due to some change in the amount of fatty-acyl synthesis cycles that go to completion or 
the regulation of enzymes responsible for transforming acyl-CoA to FAEE. No 
consistent changes in growth kinetics were observed, whereas such a difference in 
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growth kinetics was expected based on the Dufour model of FAEE formation. The 
Dufour model also fails to explain the results of a recent study showing exogenous free 
PUFA increases FAEE production while increasing the rate of growth (Duan et al., 
2015). This may indicate that linoleoyl and α-linoleoyl chains have some role in 
regulation of genes or enzymes involved in FAEE synthesis, such as OLE1 or acetyl-
CoA carboxylase (ACC), while not altering the kinetics of the fermentation. Another 
possible mechanism, by which FAEE may accumulate in wine, is if the incorporation of 
PUFA into yeast membranes causes the leakage of MCFAEE through the membrane 
into the media. A related explanation put forward by Redon and co-workers is that 
PUFA and medium chain fatty acids perform a similar function in maintaining the 
fluidity of yeast membranes (Redón et al., 2009). If the cell can meet these needs with 
exogenous PUFA, then the medium chain fatty acids that are produced will be surplus 
to requirements, and may require removal as volatile esters to avoid the disruption of 
cellular processes by the surfactant-like, free MCFA. The work in this chapter also 
indicates that the form in which the acyl chains are presented to the yeast is a relevant 
factor in the response in FAEE accumulation, which is contrary to the supposition of 
previous research, in which acyl chains in one lipid species are largely believed to be 
interchangeable with similar acyl chains in another lipid species. The implication that 
acyl chains attached to different lipids are not directly equivalent means that molecular 
lipids should be the target of identification and measurement, and not simply the bulk 
acyl chains contained in simple and complex lipids. It is possible that particular lipid 
profiles are more conducive to yeast producing particular volatile profiles. It is therefore 
necessary that the lipidome of grapes is determined in molecular detail, rather than 
determining the acyl chain distribution amongst groups of lipid classes (Miele et al., 
1993). However, recent lipidomic analyses, of grapes or grape must, have not observed 
many of the lipids that would be expected to be found in such samples (Tumanov et al., 
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2015, Della Corte et al., 2015). This may have been due to enzymes that alter lipids 
during sample preparation. There is therefore a need for experimental methods that 
reduce lipolytic enzyme activity in order to determine which lipids are to be found in 
grape tissues. 
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Chapter 5 - Qualitative lipidomic profiling of grape berry 
tissues and grape berry development 
5.1. Introduction 
5.1.1. Background 
Lipids are important to wine making for several reasons. Firstly, they are 
important for the successful fermentation of grape must by yeast. Saccharomyces 
cerevisiae does not synthesize polyunsaturated fatty acids in fermentation conditions 
(PUFA) (Klug and Daum, 2014). It is able, however, to internalize, modify and 
redistribute exogenous complex lipids (Grant et al., 2001, Stevens et al., 1967, Trotter, 
2000, Nagiec et al., 1997). In the context of winemaking, these lipids primarily come 
from grape tissues. These complex lipids are an important means by which 
Saccharomyces cerevisiae can modulate the composition of its membranes across the 
range of physical and biochemical stresses it experiences during winemaking. Lipids 
containing PUFA are particularly necessary for avoiding stuck fermentations when 
yeast are subjected to anaerobic conditions, high ethanol concentrations, sub-optimal 
temperatures and nutrient limitations.  
Lipids can also be used as antioxidants or substrates for peroxidation reactions, 
both of which are implicated in the accumulation of aroma active volatile compounds 
before and during fermentation (Dunlevy et al., 2009, Pinu et al., 2014). Grape lipids 
may also be an additional indicator of grape ripeness (Barron and Santamaria, 1990). 
Because of the changes in grape lipids during ripening of grapes and the consequences 
for fermentation, grape lipids have been the subject of several studies. 
5.1.2. Lipid analysis in grapes 
The earlier studies of grape lipids relied on techniques such as; fractionation, 
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chemical modification and GC-MS (Miele et al., 1993, Roufet et al., 1987), thin-layer 
chromatography and subsequent visualization, and fractionation monitored by UV or 
refractometry (Barron et al., 1988). These techniques only identify lipids at a broad 
level, such as indicating the fatty acid chain composition of categories of lipid classes 
(neutral lipids, glycolipids and phospholipids), and only occasionally provide limited 
information about “brutto” (lipid class followed by total number of acyl carbons along 
with total number of double bonds in acyl chains) lipid and molecular lipid composition 
of a targeted subset of a particular lipid class (Barron and Santamaria, 1990). 
On the basis of these previous studies, it can be expected that there are 
differences in lipid composition due to the period of grape berry development that 
samples are taken from, with some studies finding a general increase in linoleic acid 
containing lipids during grape development (Roufet et al., 1987), and other studies 
finding dramatic and complex changes in concentration of lipid species around the 
ripening stage (Barron and Santamaria, 1990). Differences in lipid composition 
throughout berry development are also expected on the basis of expression of genes 
associated with lipid-modifying enzymes in grapes (Goes da Silva et al., 2005). 
Differences in lipid composition due to variety appear to depend on the 
particular varieties being compared, with some finding no difference between four 
different grape varieties (Cabernet Sauvignon, Carignan, Syrah and Trebbiano) (Roufet 
et al., 1987), while others found differences in concentrations of brutto lipid species 
between Tempranillo and Airén (Barron and Santamaria, 1990). 
Lipid composition also varies depending on the grape tissue being sampled 
(Miele et al., 1993). Neutral lipids made up 95 % of the grape lipid composition of 
grape seeds. The lipids in grape flesh were mostly phospholipids (two-thirds of the lipid 
composition were phospholipids). Grape skins also contained lipids mainly in the form 
of phospholipids (60 %), and had a slightly higher proportion of lipids in the form of 
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neutral lipids than flesh. While grape must receives most of its mass from grape flesh, 
only 40 % of the lipid composition of grape must is phospholipid, with contributions of 
neutral lipids (a third) and glycolipids (a quarter), the former presumably from seeds 
and skins (Miele et al., 1993). Extra solubility of glycolipids compared to phospholipids 
might explain the increase in the proportion of these lipids in must compared to flesh 
and skin. 
5.1.3. New Techniques 
Combinations of high-resolution mass spectrometry, accurate mass 
determination, atmospheric ionisation (electrospray ionisation and atmospheric pressure 
chemical ionisation) techniques, and high-resolution liquid chromatography have 
recently become available to researchers. As a result, it is now possible to assess the 
molecular lipid composition of a wide range of lipid classes in plant samples without 
chemical derivatization. There are two previous lipidomic studies that have recently 
been carried out in grape varieties used for wine production (Tumanov et al., 2015) and 
(Della Corte et al., 2015). 
Both studies leave several areas of inquiry unanswered. Firstly, the Della Corte 
et al. study found very few molecular lipid species, albeit representing widely different 
lipid classes (Della Corte et al., 2015). Secondly, the Tumanov et al. study was carried 
out on grape juice produced by many different wineries, each with their own particular 
sulfur dioxide additions and pressing conditions. Whether due to differences in vineyard 
conditions or location, or due to differences in juice preparation, they observed dramatic 
differences in not only the total lipid content of the juice, but also in the distribution of 
different molecular lipid species within those juices. In the Tumanov et al. study, the 
action of lipolytic enzymes upon the lipidome may not have been controlled identically 
across the different grape juice samples, and because these enzymes were not 
neutralised the study has limited applicability to the lipidome of grape tissues, instead 
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being focused on the lipidome of grape must as prepared by commercial wineries 
(Tumanov et al., 2015). In the study by Della Corte and co-workers, a step denaturing 
lipolytic enzymes was not carried out (Della Corte et al., 2015). 
Lipolytic enzymes, particularly phospholipase D, are a possible explanation for 
the absence of many complex lipids from the grape juice in that study. For example, 
there was a lack of glycolipids and phospholipids, except for phosphatidylcholines. 
Furthermore, there were high relative peak areas of several lipolysis products, for 
example free fatty acids (FFA), monoacylglycerols (MG), diacylglycerols (DG) and 
lysophospholipids (LPL). Denaturing of lipolytic enzymes with isopropanol is expected 
to allow identification of a greater range of complex lipids, including molecular 
glycolipids, the bulk presence of which is indicated in previous grape lipid research 
(Miele et al., 1993, Roufet et al., 1987).  
Liquid chromatography is advantageous as it allows the separation of lipids that 
have precursors with similar (or even identical) m/z, such as phosphatidylserines and 
phosphatidylcholines, with the same number of carbons but one less double bond. Such 
analyses also provide more details about the composition of the lipid species rather than 
a general idea of the total acyl chain composition of each lipid class. Liquid 
chromatography also concentrates minor lipid species, the detection of which might 
otherwise be masked by more abundant lipid species. 
5.1.4. Study rationale 
There are several aspects of grape lipidomics which call for further research; a 
comparison of grape varieties from the same growing conditions (same region, 
vineyard), samples of grape tissues that have been prepared identically, samples that 
reflect the lipidome from a grape-centric viewpoint, a comparison of grapes at different 
stages of berry development, identification of a greater range of complex molecular 
lipids which exist prior to lipolysis and separation of grape lipids from different classes 
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that share precursor ions with similar mass-to-charge ratios, such as PC and PS lipids. 
To those ends, this study involves a comparison of different grape tissues (flesh, 
skin, seeds and a “flesh/skin” mixture) from Riesling and Cabernet Sauvignon grapes 
from the same vineyard in South Australia. The grape tissues were prepared identically 
to remove the variation due to different sample preparation methods, and this involved 
denaturing lipolytic enzymes with isopropanol immediately after homogenization. 
Grape tissues from several different stages of Cabernet Sauvignon berry and seed 
development are compared. A modified Bligh and Dyer extraction (Bligh and Dyer, 
1959, Hitchcock and Nichols, 1971) was performed on dried grape tissues. The extracts 
of those tissues were analysed with LC-MS, with a modified reversed-phase 
chromatography scheme (Bird et al., 2013), coupled with MS and MS/MS with a triple 
time-of-flight (TOF) instrument in positive ion electrospray ionisation mode (+ESI). 
5.2. Materials and methods 
5.2.1. Overview of the experimental design 
Grapes from two varieties (Riesling and Cabernet Sauvignon) were harvested from 
the same vineyard in South Australia at several time points; 2, 4, 6, 8, 10, 12, 14, 15 
weeks post flowering (wpf). The grapes were later separated into different tissues; flesh, 
skin, seed and flesh+skin (i.e. deseeded berries). Biological replicates came from 
independent selections of grapes from the same population. The frozen grape tissues 
were homogenized and a sub-sample of homogenized tissue immediately added to room 
temperature isopropanol to denature lipolytic enzymes. Technical replicates came from 
independent sub-samples of homogenized tissue from the same biological replicate. The 
isopropanol and water from the samples were removed under reduced pressure. A Bligh 
and Dyer extraction solvent mixture was added to the dried tissue samples, and aliquots 
of the equilibrated extract were diluted prior to addition of mixtures of internal 
standards. The diluted and spiked extracts were dried under reduced pressure before 
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reconstitution in extraction solvent and injection into an LC-MS with a reversed-phase 
chromatography set up and followed by electrospray ionization (ESI) in positive mode 
in the mass spectrometer. Precursor m/z ions that reached a threshold triggered 
collection of MS/MS spectra with a spread of collision energies. Identification of 
spectra was carried out by comparison with a modified third-party in silico library, and 
relative peak areas calculated by normalising TOF peak areas as calculated by vendor 
software by the TOF peak areas of the most appropriate post-extraction internal 
standard. 
5.2.2. Plant material 
Grapes were harvested from a commercial vineyard in South Australia in the 2007-
2008 season at 2, 4, 6, 8, 10, 12, 14- and 15-wpf). Bunches were collected at several 
intervals along both sides of several rows of grapes. The bunches were transported in 
ice-chilled plastic containers. The grapes were allowed to rest at 4 degrees overnight, 
and then were de-stemmed by hand, frozen with liquid nitrogen and stored for six years 
at -80 °C until tissue separation was to be carried out. Separation was performed by 
allowing the grapes to partially thaw on tin foil over a container of liquid nitrogen until 
each grape could be separated into tissues by hand and then immediately re-freezing 
grape tissue in liquid nitrogen once separated. The grapes were either separated into 
seeds and a composite of skin/flesh, or into flesh, skins and seeds. The separated tissues 
were then stored for 6 months at -80 °C until extraction.  
5.2.3. Chemicals 
5.2.3.1.  Internal standards 
The following standards were sourced from Avanti Polar Lipids (Alabaster, 
Alabama, USA): 
● Diacylglycerol (DG) internal standard mixture I in 1:1 toluene/methanol 
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containing 4 µM of each of 9 DG species with deuterium labels substituted for 
each of the glycerol hydrogens: 1,3-20:5 (5Z,8Z,11Z,14Z,17Z) D5 DG, 1,3-14:0 
D5 DG, 1,3-15:0 D5 DG, 1,3-16:0 D5 DG, 1,3-17:0 D5 DG, 1,3-19:0 D5 DG, 
1,3-20:0 D5 DG, 1,3-20:2 (11Z,14Z) D5 DG and 1,3-20:4 (5Z,8Z,11Z,14Z) D5 
DG. 
● Triacylglycerol (TG) internal standard mixture I in 1:1 toluene/methanol 
containing 4 µM of each of 9 TG species with deuterium labels substituted for 
each of the glycerol hydrogens: 20:5(5Z,8Z,11Z,14Z,17Z)-
22:6(4Z,7Z,10Z,13Z,16Z,19Z)-20:5(5Z,8Z,11Z,14Z,17Z) D5 TG, 14:0-
16:1(9Z)-14:0 D5 TG, 15:0-18:1(9Z)-15:0 D5 TG, 16:0-18:0-16:0 D5 TG, 17:0-
17:1(10Z)-17:0 D5 TG, 19:0-12:0-19:0 D5 TG, 20:0-20:1(11Z)-20:0 D5 TG, 
20:2(11Z,14Z)-18:3(6Z,9Z,12Z)-20:2(11Z,14Z) D5 TG, 20:4(5Z,8Z,11Z,14Z)-
18:2(9Z,12Z)-20:4(5Z,8Z,11Z,14Z) D5 TG. 
● Phosphatidic acid (PA) 16:0(D31)-18:1 PA (1-hexadecanoyl(d31)-2-(9Z-
octadecenoyl)-sn-glycero-3-phosphate (sodium salt)) 
● Phosphoethanolamine (PE) 16:0 (D31)-18:1 PE (1-hexadecanoyl(d31)-2-(9Z-
octadecenoyl)-sn-glycero-3-phosphoethanolamine)Phosphoglycerol (PG) 16:0 
(D31)-18:1 PG (1-hexadecanoyl(d31)-2-(9Z-octadecenoyl)-sn-glycero-3-
[phospho-rac-(1-glycerol)](sodium salt)) 
● Phosphoinositol (PI) 16:0 (D31)-18:1 PI (1-hexadecanoyl(d31)-2-(9Z-
octadecenoyl)-sn-glycero-3-phospho-myo-inositol (ammonium salt)) 
● Phosphoserine (PS) 16:0 (D31)-18:1 PS (1-hexadecanoyl(d31)-2-(9Z-
octadecenoyl)-sn-glycero-3-[phospho-L-serine] (sodium salt)) 
● Lysophosphatidic acid (LPA) 17:1 LPA (1-(10Z-heptadecenoyl)-sn-glycero-3-
phosphate (sodium salt)) 
● Lysophosphatidylcholine (LPC) 17:1 LPC (1-(10Z-heptadecenoyl)-sn-glycero-
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3-phosphatidylcholine) 
● Lysophosphoethanolamine (LPE) 17:1 LPE (1-(10Z-heptadecenoyl)-sn-glycero-
3-phosphoethanolamine) 
● Lysophosphoglycerol (LPG) 17:1 LPG (1-(10Z-heptadecenoyl)-sn-glycero-3-
phospho-(1'-rac-glycerol) (sodium salt)) 
● Lysophosphoinositol (LPI) 17:1 LPI (1-(10Z-heptadecenoyl)-sn-glycero-3-
phospho-(1'-myo-inositol) (ammonium salt)) 
● Lysophosphoserine (LPS) 17:1 LPS (1-(10Z-heptadecenoyl)-sn-glycero-3-
phospho-L-serine (sodium salt)). 
 
Monoacylglycerol (MG) 18:1 (D5)-MG ((9Z)-9-octadecenoic acid 2,3-
dihydroxypropyl ester-d5 (93 %), (9Z)-9-octadecenoic acid 1,3-dihydroxypropyl 
ester-d5 (7 %)) was purchased from Toronto Research Chemicals (Toronto, 
Canada).  
5.2.3.2. Other chemicals 
Ammonium formate, HPLC grade chloroform and butylated hydroxyanisole (BHA) 
were sourced from Sigma Aldrich (St. Louis, Missouri, USA). LCMS grade acetonitrile, 
methanol, water and isopropanol were sourced from Thermo Fisher Scientific 
(Waltham, Massachusetts, USA). 
5.2.4. Preparation of standards 
Two standard mixtures containing either the “glycerolipid” mixture (9 
isotopically labelled DG, 9 labelled TG) or the “phospholipid/ MG” mixture (5 
isotopically labelled phospholipids, 6 odd-chain lysophospholipids and an isotopically 
labelled monoacylglyceride) were prepared and added to each sample prior to Q-TOF 
analysis. The internal standards were diluted in 5:10:4 chloroform:methanol:water so 
that the concentration of each of the phospholipid standards and the monoacylglycerol 
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standard in the “phospholipid/MG” mixture was 2.5 ug/mL. When spiking the sample 
extract, 10 μL of the “phospholipid” mixture was added and solvent removal and 
resuspension in 50 μL of the “5:10:4” extraction solvent led to a final concentration of 
500 ng/mL for each of the PL and MG standards. The “glycerolipid” standards were 
diluted so that the concentration of each standard was 500 ng/mL and 250 ng/mL for 
each of the TGs and DGs respectively. The “glycerolipid” mixture was spiked into the 
diluted extract prior to solvent removal, and upon reconstitution in 50 μL, the final 
concentration of each TG standard was 100 ng/mL, and that of each DG standard was 
50 ng/mL. 
An attempt was made to source PC, SM, galactosyl ceramide and cholesterol 
ester standards, however these standards were not prepared by the time the experiment 
was to commence. No non-naturally occurring glycolipid standards were able to be 
sourced commercially. 
5.2.5. Extraction of plant tissue and preparation of samples 
The grape tissue samples (about 20 g) were homogenized using an Ika (Staufen, 
Germany) A 11 basic analytical impact grinder under liquid nitrogen. A small sub-
sample (less than 1 g) was added to 1 mL of isopropanol with 0.01 % BHA in a 
polypropylene micro-centrifuge tube. The fresh weights of the sub-samples were 
recorded by difference in the mass of the tube. The sub-samples were then evaporated 
under reduced pressure and freeze-dried (Labcono, Kansas City, Missouri, USA) until 
mass-loss was no longer observed. The dry weight of the sub-samples was then 
recorded. The materials were protected from light exposure during the preparation 
processes. The dried tissues were then suspended in a single-phase chloroform, 
methanol and water extraction solvent (5:10:4 chloroform:methanol:water), and 
extracted on an Eppendorf shaker for four hours. An aliquot of the extract was diluted in 
the single-phase mixture to a concentration equivalent to 4.0 mg/mL and a 50 μL 
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aliquot added to a glass insert of an LCMS vial. Each sample had internal standard 
mixtures (10 μL each of “glycerolipid” and “phospholipid/MG” mixtures) added, 
followed by solvent removal under a stream of nitrogen followed by re-suspension in 50 
μL of the single-phase extraction solvent.  
5.2.6. LC-MS parameters 
The liquid chromatography was managed by a CBM20A controller (Shimadzu). 
The diluted, spiked and reconstituted lipid extract samples were contained in HPLC vial 
inserts inside LCMS vials with metal crimp caps. The crimp caps had teflon-lined 
injection septa. The vials were kept at 15 °C in the tray of the SIL30AC Autosampler 
(Shimadzu). Samples were injected (10 μL) into the LC. The settings for injection were 
as follows: needle and control strokes of 52 mm, sampling rate of 5 μL/s and injection 
rate of 1 μL/s, followed by a 600 μL line purge. The rinse volumes before and after each 
injection were 500 μL. 
The liquid chromatography was carried out in a LC30AD (Shimadzu), with an 
Ascentis C18 column (Sigma Aldrich, St. Louis, Missouri, USA) with dimensions 2.1 x 
150 mm and 2.7 µm particle size. The column was held at 35 °C with a CTO-20A 
column oven (Shimadzu), with an elution profile using two mobile phases modified 
from the method of Bird and co-workers as well as the same stationary phase (Bird et 
al., 2013). Mobile phase A contained 40 % acetonitrile and 60 % water, with a total 
concentration of 7.5 mM ammonium formate. Mobile phase B contained 10 % 
acetonitrile and 90 % isopropanol, and also had a total concentration of 7.5 mM 
ammonium formate. The flowrate was 260 μL/minute. The elution profile is tabulated in 
Table 41. 
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Table 41: Elution profile used for liquid chromatography. The percentages of mobiles phases A and 
B are presented for each time point. Mobile phase A contained 40 % acetonitrile and 60 % water, 
7.5 mM ammonium formate. Mobile phase B contained 10 % acetonitrile and 90 % isopropanol, 
7.5 mM ammonium formate. 
Minutes A % B % 
0 68 32 
1.5 68 32 
4 55 45 
5 48 52 
8 42 58 
11 34 66 
14 30 70 
18* 25* 75* 
31 31 97 
35 35 97 
36 68 32 
*After 18 minutes the elution profile departs from that of Bird et al. (Bird et al., 2013) 
 
The ABSciex TripleTOF 5600 was used with a TOF scan cycle of 1700 
milliseconds from m/z 100-1200 (accumulation time of 150 milliseconds) and 6 
experiments of 1700 milliseconds cycles of information dependent acquisition (IDA) 
triggered by more than 200 counts within 50 mDa per second for fragments across a 
range of m/z 50-1200 (accumulation time 250 milliseconds). Once triggered, the 
precursor mass and isotopes (within 4 Da) were excluded from further triggering events 
for 1800 seconds. It should be noted that the intended exclusion period was 1800 
milliseconds, but the parameter was set to 1800 seconds in error, which is almost the 
length of the LC run per sample. As a result of this error, after an initial collection of a 
MSMS at a precursor m/z, the exclusion stopped further instances of compounds with 
the same precursor m/z triggering MSMS collection for the majority of the rest of the 
LC run for that sample. It is therefore likely that many later eluting compounds with a 
previously excluded precursor m/z did not have MSMS spectra collected, and also that 
compounds could not be measured more sensitively and accurately using peak areas 
extrapolated from multiple MSMS triggered on each LC peak as they eluted. 
The collision energy for the TOF scan was 10, while for the IDA cycles the 
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collision energy was 30 with a spread ±15. 
The DuoSpray Ion Source was operating at 550 °C in positive ion mode. 
Adducts were scanned with TOF in the range 200-1200 a.m.u. and masses that 
exceeded a low threshold triggered MS/MS of that precursor, with fragments detected in 
the mass range 50-1200 a.m.u. with pulser frequency of 16.913 kHz. Several m/z values 
were excluded from triggering IDA cycles. This was because they were predicted to be 
plasticizer contaminants. The putative contaminants were excluded on the basis of the 
regular pattern of fragment peaks separated by 56.063 m/z, probably from iterative loss 
of t-butyl (C4H8) moieties. Excluded masses were 553.4, 1083.8, 880.9, 1061.8, 531.7, 
681.4, 664.4, 665.4, 624.4, 679.4, 531.4 and 680.5. 
5.2.7. Library modification 
Identifications were done by annotating spectra with fragment information from 
a modification of the LipidBlast libraries (Kind et al., 2013). Libraries were generated 
from the in silico open source LipidBlast library. The libraries in Microsoft Excel were 
used to generate character strings for each candidate compound. The LipidBlast libraries 
were first filtered to remove duplicates of isomers that differed in geometry or position 
of double bonds, as the MS/MS profiling in these experiments would not distinguish 
between these. Next, character strings were produced for each compound according to 
the expected fragmentation behaviour of that class, as well as that observed in 
preliminary data from internal standards. The behaviours of each class in the library are 
summarised in Table 42. 
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Table 42: Precursor and fragmentation behaviour for each lipid class in the modified library used 
in this study. LM refers to classes that had additional predicted fragments on the LipidMaps 
website. I.S. refers to classes for which preliminary MS/MS spectra of internal standards were used 
to inform the fragments included in the lipid library. 
Class Behaviour Source Number 
of 
records 
FFA [M+NH4]+ 
[M+H]+ 
# 48,48 
MG [M+NH4]+ 
MS/MS: -NH3, -NH3-H2O, acylium, acylium +H2O, acylium-H2O, 
acylium+C3H6O2-H2O 
# 48 
DG [M+NH4]+ 
MS/MS: -NH3, -NH3-H2O, -FA-NH3, -FA-NH3+H2O, acylium, acylium-
H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
 
[M-H2O+H]+ 
MS/MS: acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-
H2O 
#, LB, 
LM 
1764, 
1764 
TG [M+NH4]+ 
MS/MS: -NH3, -NH3-H2O, -FA-NH3, -FA-NH3+H2O, acylium, acylium-
H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
#, LB, 
LM 
2640 
    
LPA [M+NH4]+ 
MS/MS: -NH3, -NH3-H3PO4, [H4PO4]+, -NH3-FA, -NH3-FA+H2O, -H2O, 
-NH3-H2O, -FA+H2O, -FA, acylium, acylium-H2O, acylium+C3H6O2, 
acylium+C3H6O2-H2O 
[M+H]+ 
MS/MS: -H3PO4, [H4PO4]+, -H2O, -FA+H2O, -FA, acylium, acylium-
H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
 
#, I.S. 48, 48 
LPC [M+NH4]+ 
MS/MS: -NH3, [C5H15NO4P]+, [C5H14NO]+, [C2H6PO4]+, -FA, -
FA+H2O, acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-
H2O 
 
[M+H]+ 
MS/MS: -H2O, [C5H15NO4P]+, [C5H14NO]+, [C2H6PO4]+, -FA, -
FA+H2O, acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-
H2O 
 
#, I.S. 48, 48 
LPE [M+H]+ 
MS/MS: -H2O,-C2H5N-H2O, phosphoryl ethanolamine, -C2H5N, -FA, -
FA+H2O, acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-
H2O 
 
#, I.S. 48 
LPG [M+NH4]+ 
MS/MS: -NH3, -NH3-phosphoryl glycerol, -NH3-FA, -NH3-FA+H2O, -
H2O, [C3H10O6P]+, -FA, -FA+H2O, acylium, acylium-H2O, 
acylium+C3H6O2, acylium+C3H6O2-H2O 
#, I.S. 48, 48 
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Class Behaviour Source Number 
of 
records 
 
[M+H]+ 
MS/MS: -phosphoryl glycerol, -H2O, [C3H10O6P]+, -FA, -FA+H2O, 
acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
LPI [M+NH4]+ 
MS/MS: -NH3, -NH3-phosphoryl inositol, -NH3-FA, -NH3-FA+H2O, -H2O, 
-FA, -FA+H2O, acylium, acylium-H2O, acylium+C3H6O2, 
acylium+C3H6O2-H2O 
 
[M+H]+ 
MS/MS: -phosphoryl inositol, -H2O, -inositol, -FA, -FA+H2O, acylium, 
acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
#, I.S. 48, 48 
LPS [M+NH4]+  
MS/MS: -NH3, -NH3-phosphoryl serine, -NH3-FA, -NH3-FA+H2O, -H2O, 
-NH3-H2O, -FA+H2O, -FA, acylium, acylium-H2O, acylium+C3H6O2, 
acylium+C3H6O2-H2O 
 
[M+H]+ 
MS/MS: -phosphoryl serine, -H2O, -serine, -FA+H2O, -FA, acylium, 
acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
#, I.S. 48, 48 
PA [M+NH4]+ 
MS/MS: -NH3, -NH3-H3PO4, -NH3-FA+H2O, -NH3-FA, acylium, acylium-
H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
#, I.S. 2304 
PC [M+NH4]+ 
MS/MS: -C5H14NO4P, [C5H14NO]+, [C5H15NO4P]+, [C2H6PO4]+,-FA, 
-NH3-FA, -FA+H2O, acylium, acylium-H2O, acylium+C3H6O2, 
acylium+C3H6O2-H2O 
 
[M+H]+ 
MS/MS: -H2O, -C3H9N, -C5H14NO4P, [C5H14NO]+, [C5H15NO4P]+, 
[C2H6PO4]+, -FA, -FA+H2O, acylium, acylium-H2O, acylium+C3H6O2, 
acylium+C3H6O2-H2O 
# 2304, 
2304 
PE [M+H]+ 
MS/MS: -H2O, -phosphoryl ethanolamine, -FA, -FA+H2O, acylium, 
acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
#, I.S. 2304 
PG [M+NH4]+ 
MS/MS: -NH3, -NH3-phosphoryl glycerol, -NH3-FA, -NH3-FA+H2O, 
acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
 
[M+H]+ 
MS/MS: -H2O, -phosphoryl glycerol, -FA, -FA+H2O, acylium, acylium-
H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
#, I.S. 2304, 
2304 
PI [M+NH4]+ 
MS/MS: -NH3, -NH3-phosphoryl inositol, -NH3-FA, -NH3-FA+H2O, 
acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
 
[M+H]+ 
MS/MS: -H2O, -phosphoryl inositol, -FA, -FA+H2O, acylium, acylium-
H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
 
#, I.S. 2304, 
2304 
PS [M+H]+ #, I.S. 2304 
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Class Behaviour Source Number 
of 
records 
MS/MS: -H2O, -serine-H2O, -serine, -phosphoryl serine, -FA, -FA+H2O, 
acylium, acylium-H2O, acylium+C3H6O2, acylium+C3H6O2-H2O 
    
MGDG [M+NH4]+,  
MS/MS: -NH3-galactose, -NH3-galactose+H2O, -NH3-galactose-H2O, -
NH3, -NH3-H2O, -FA-NH3, -FA-NH3+H2O, acylium, acylium-H2O, 
acylium+C3H6O2, acylium+C3H6O2-H2O 
# 2304 
DGDG [M+NH4]+ 
MS/MS: -NH3-digalactose, -NH3-digalactose+H2O, -NH3-digalactose-
H2O, -NH3-galactose, -NH3-galactose+H2O, -NH3-galactose-H2O, -
NH3, -NH3-H2O, -FA-NH3, -FA-NH3+H2O, acylium, acylium-H2O, 
acylium+C3H6O2, acylium+C3H6O2-H2O 
# 2304 
SQDG [M+NH4]+ 
MS/MS:-NH3-sulfoquinovose, -NH3-sulfoquinovose+H2O, -
sulfoquinovose, -sulfoquinovose+H2O, -NH3-sulfoquinovose-FA+H2O, -
NH3, -NH3-H2O, -FA, -FA-NH3, -FA-NH3+H2O, acylium, acylium-H2O, 
acylium+C3H6O2, acylium+C3H6O2-H2O 
# 2304 
#(Murphy, 2014, Kalo et al., 2006, Moreau et al., 2008, Xu et al., 2010, Tobias et al., 2013) 
 
Notepad++ was then used to replace new line marker characters in the character strings 
with actual new lines so that the resulting text file had the format of a NIST MS/MS 
library “.msp”. These texts were then saved as text files with the extension “.msp”.  
5.2.8. Identification 
These msp files were imported into R with a self-written function, which converted the 
components of each record into objects in a list structure. For the intensities and m/z 
values, the objects in the list structure were treated as vectors (Stein and Scott, 1994, 
Alfassi, 2004), with each m/z being a dimension and the magnitude of the vector being a 
weighted product of fragment intensity, ranked intensity and m/z (Stein and Scott, 1994, 
Alfassi, 2004). The data files produced from the Q-TOF were converted to Mascot 
Generic Format (.mgf) using Proteowizard MSConvert GUI with centroiding of MS2 
level spectra and only keeping the 100 most intense MS/MS peaks in those spectra. The 
.mgf files were then imported into R with a second self-written function. A third self-
written R function was used that carried out a number of data analysis processes: 
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1. Pair query precursor m/z with matching (10 ppm) candidate precursor m/z in the 
library. 
2. Calculate the absolute “delta” between library and experimental precursor m/z. 
3. Align fragment peaks of the query and candidate spectra that match (30 ppm) 
4. Weight the intensities of fragments in the query and candidate spectra by 
intensity, m/z and rank, according to user-defined exponents. Weighted intensity 
was equal to relative intensity times m/z weight of fragment times ranking 
squared. Rankings were given to fragments; the lowest intensity fragment 
having rank “1”, and increasing ranks given to fragments of increasing intensity, 
with ties giving both fragments the highest equal rank. Fragments without 
matches in the other spectrum were matched to fragments with a weighted 
intensity of zero.  
5. The weighted intensities of the respective spectra were treated as vectors, and 
then the squared cosine of the angle between these vectors was calculated (Stein 
and Scott, 1994, Alfassi, 2004). This was done by two methods; the first method 
(dot product) compared the weighted intensities of the query spectrum to 
weighted intensities of matching peaks in the candidate spectrum, ignoring 
candidate spectrum peaks that had no match. The second method (reverse dot 
product) compared the weighted intensities of the candidate spectrum to 
weighted intensities of matching peaks in the query spectrum, ignoring query 
spectrum peaks that had no match.  
6. The reverse dot product scores were used to filter out candidates that scored 
below a user-defined threshold (400). 
7. The candidates, ranked in descending order of reverse dot product, could 
optionally be truncated after a user-defined number of candidates. This option 
was not used. 
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8. An annotation of the query spectrum fragments was generated, with the highest 
intensity fragment occurring first and fragments in order of descending intensity 
after. Fragments in the query spectrum were annotated according to the 
matching fragment annotations for the proposed candidate compound in 
question. The format for the annotation of the spectrum was as follows: “m/z” 
(“base normalized intensity*999”) “fragment annotation”. 
9. The fragment annotations could be optionally truncated after a user-defined 
number of most intense fragments. The spectra were further truncated at a later 
stage to reduce the length of the tables found in the appendices.  
10. Finally, a tab separated text file was produced containing a table report for each 
sample analysed against the library.  
The candidates, analysed in this way, were then inspected manually, and 
matches of high quality kept. Indicators of high quality were that the most 
intense peak was explained, that a large number of intense peaks in the spectrum 
were explained by a candidate library spectrum, that the dot product and reverse 
dot product scores were high and that the difference between the experimental 
precursor m/z and the theoretical precursor m/z was less than 10 ppm.  
5.2.9. Analysis of TOF peak areas 
The TOF scan peaks were identified by MarkerView and peaks within 10 ppm 
and 0.2 minutes were combined. Peaks that did not have areas that were significantly 
greater (p<0.05, t-test) in sample acquisitions than in blank acquisitions were removed 
from analysis. 
The TOF peaks were linked to the identifications assigned to the MS/MS spectra 
associated with each TOF peak. 
The TOF peak areas, as calculated by MarkerView, were divided by the peak 
area for the internal standard selected for each class. Normalized peaks areas that were 
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within 2.5 % of the retention time and m/z within 10 ppm of each other were merged. 
5.2.10. Standard curves 
Aliquots of the extract suspensions were taken and diluted in the same single-
phase solvent mixture to a dilution of 1, 2 or 4 mg of freeze-dried material per 1 mL of 
solvent. Aliquots of internal standard mixtures were added to each sample and the 
solvent mixtures analysed by LC-MS Q-TOF. The TOF scan peak areas of analytes 
were normalised by the TOF scan peak areas of the relevant internal standard, and 
plotted along the y-axis, while the concentration of dried-material resuspended in the 
mixture was plotted along the x-axis. Intercepts, slopes, the standard error of values by 
the linear model (STEYX) and R2 were calculated in Microsoft Excel. The calibration 
curves were constructed with each of the four tissues types (Flesh, skin, seed and 
deseeded berries (i.e. flesh/skin)). The tissues used for standard curves only came from 
Riesling grapes; it was assumed that Cabernet Sauvignon tissues would behave in a 
similar way as their Riesling counterparts. 
5.2.11. Statistical treatment 
Lipids for analysis by PCA were selected by passing ANOVA (p<0.05) across 
the samples that were extracts with concentrations equivalent to 4 mg/mL of dried 
tissue. False discovery rates and q-values were calculated and assessed using the R 
package fdrtool (Strimmer, 2008b, Strimmer, 2008a). 
PCA was performed using the R package FactoMineR (Lê et al., 2008) with data 
scaled so that maxima were equal to 1. The 95 % confidence ellipses were drawn 
around the bary-centres of the replicates for each treatment using FactoMineR. The 
dimension description function of FactoMineR was used to aid interpretation of the 
principal components. Artificial supplementary quantitative variables were constructed 
by summing the maxima-normalised peak areas for each lipid in a class, in order to help 
interpret general trends across the lipid classes. 
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The samples were organised into three subsets for comparison by ANOVA:  
1. The 4 mg dried tissue/mL extracts of Cabernet Sauvignon Flesh/Skin samples 
from 4, 6, 8, 10, 12 and 14 wpf. 
2. The 4 mg dried tissue/mL extracts of Cabernet Sauvignon Seed samples from 
10, 12 and 14 wpf. 
3. The 4 mg dried tissue/mL extract of 14 wpf grape tissues (skin, flesh and 
seed) from both Riesling and Cabernet Sauvignon. 
False discovery rates and q-values were calculated and assessed using the R 
package fdrtool. Tukey’s HSD (Honestly Significant Difference) were calculated using 
the R package ‘agricolae’ on variables when genuine differences were discovered 
(Mendiburu, 2014). 
5.3. Results 
5.3.1. General observations 
5.3.1.1. Proportion of dry weight per fresh weight 
The tissues were weighed before and after extraction and freeze-drying, allowing 
fresh and dry weights to be recorded. 
There was no significant difference in the proportion of dry material contained in a 
given amount of fresh plant material when comparing Cabernet Sauvignon tissues to 
their Riesling tissue counterparts ( 
Table 43). The flesh tissues contained significantly more water than the seed tissues, 
while skins contained between one and a half to two times the dry weight proportion 
found in flesh. 
Table 43: Proportions of dry weight tissue to fresh weight of the same tissue in mature Cabernet 
Sauvignon and Riesling grape berry tissues. Mean percentages from three replicates are reported, 
with standard error in parenthesis. 
 CS dry/fresh %  Riesling dry/fresh %  
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Flesh 16.7 % (± 3.2 %) 24.2 % (± 0.4 %, n=2) 
Skin 37.0 % (± 3.8 %) 32.9 % (± 0.4 %) 
Flesh+Skin 18.0 % (± 2.6 %) 26.0 % (± 0.4 %) 
Seed 73.1 % (± 0.1 %) 72.1 % (± 1.0 %) 
 
The proportions of dry weight to fresh weight of flesh+skin and seed samples across 
berry development are presented in Table 44. Solids in the berry flesh/skin gradually 
make up a larger percentage of the total weight of the berry after 4 weeks post flowering 
(wpf), with the exception of the 14 wpf samples. Similarly, the proportion of solid 
material in seeds increases as the berry develops. 
Table 44: Proportion of dry weight to fresh weight of Cabernet Sauvignon flesh+skin and seed 
samples during berry development. Mean percentages are reported with standard errors in 
parenthesis. 
Time period Flesh+skin dry/fresh weight %  Seed dry/fresh weight % 
2 wpf (Whole)*  12.1 % (± 0.6 %)  
4 wpf 8.6 % (± 0.4 %) - 
6 wpf 9.1 % (± 0.7 %) - 
8 wpf 9.2 % (± 0.5 %) - 
10 wpf 19.8 % (± 1.1 %) 62.7 % (± 0.1 %) 
12 wpf 25.2 % (± 1.8 %) 67.5 % (± 0.8 %) 
14 wpf 16.7 % (± 3.2 %) 73.1 % (± 0.1 %) 
15 wpf * 29.6 % (± 0.7 %) - 
* not used in lipidomic profiling   
 
5.3.2. MS/MS data for lipid identification 
There were, all combined, about 323,000 IDA MS/MS spectra triggered in the 
65 sample runs. There were, all combined, over 323,000 IDA triggered in 79 blank 
samples. This may have been due to the larger number of blank runs as well as the 
relatively low threshold of 200 counts required to trigger collection of MS/MS data. 
Most of the internal standards triggered MS/MS spectra in the majority of LC-MS runs. 
However, some internal standard species triggered MS/MS spectra collection in as little 
as 2 % of LCMS runs. 
There were a total of 203 adducts, representing 190 brutto lipids, identified from 
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13 different lipid classes. Seventy of these lipids were glycerolipids, 89 were 
phospholipids and the remaining 31 were glycolipids. The brutto lipids are listed in 
Table 45. 
Table 45: Brutto lipid species identified in grape tissues 
Brutto lipid species identified by LC-MS/MS in grape tissues 
Glycerolipids  Glycolipids  Phospholipids   
DG  MGDG  PC  PS 
DG 34:2   MGDG 32:0   PC 30:0   PS 34:2  
DG 34:3   MGDG 34:2   PC 32:0   PS 34:3  
DG 36:2   MGDG 34:3   PC 32:1   PS 36:2  
DG 36:3   MGDG 34:4   PC 32:2   PS 36:3  
DG 36:4   MGDG 35:4   PC 32:3   PS 36:5  
DG 36:5   MGDG 36:2   PC 33:4   PS 38:1  
DG 36:6   MGDG 36:3   PC 34:1   PS 38:2  
DG 38:2   MGDG 36:4   PC 34:2   PS 38:3  
DG 38:3  MGDG 36:5   PC 34:3  PS 38:4 
DG 38:4  MGDG 36:6   PC 35:4   PS 39:2  
DG 40:2   MGDG 38:4   PC 36:1   PS 39:3  
DG 40:3  MGDG 38:6   PC 36:2   PS 40:1  
DG 42:2     PC 36:3   PS 40:2  
  DGDG  PC 36:4   PS 40:3  
TG  DGDG 34:1   PC 36:5   PS 41:2  
TG 40:0   DGDG 34:2   PC 36:6   PS 41:3  
TG 42:0   DGDG 34:3   PC 38:2   PS 42:2  
TG 42:1   DGDG 36:2   PC 38:3   PS 42:3  
TG 42:2   DGDG 36:3   PC 38:4   PS 44:2  
TG 44:1   DGDG 36:4   PC 38:5    
TG 46:0   DGDG 36:5   PC 40:2   LPS 
TG 46:1   DGDG 36:6   PC 40:4  LPS 20:0  
TG 46:2   DGDG 38:3     LPS 22:0  
TG 46:3     LPC   
TG 48:0   SQDG  LPC 16:0   PG 
TG 48:1   SQDG 34:1   LPC 18:0   PG 32:0  
TG 48:2   SQDG 34:2   LPC 18:1   PG 34:0  
TG 48:3   SQDG 34:3   LPC 18:2   PG 34:1  
TG 49:0   SQDG 36:1     PG 34:2  
TG 49:1   SQDG 36:2   PE  PG 34:3  
TG 50:0   SQDG 36:3   PE 32:2   PG 36:2  
TG 50:1   SQDG 36:4  PE 33:3   PG 36:4  
TG 50:2   SQDG 36:5   PE 34:1    
TG 50:3   SQDG 36:6   PE 34:2   PI 
TG 51:0   SQDG 38:4   PE 34:3   PI 34:1  
TG 51:1     PE 36:1   PI 34:2  
TG 51:2     PE 36:2   PI 34:3  
TG 51:4     PE 36:3   PI 35:2  
TG 52:1     PE 36:4   PI 36:1  
TG 52:2     PE 36:5   PI 36:2  
TG 52:3     PE 36:6   PI 36:3  
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Brutto lipid species identified by LC-MS/MS in grape tissues 
Glycerolipids  Glycolipids  Phospholipids   
TG 52:4     PE 38:2   PI 36:4  
TG 52:5     PE 38:3   PI 36:5  
TG 52:6     PE 38:4   PI 36:6  
TG 53:4     PE 38:5   PI 40:2  
TG 53:6     PE 40:2    
TG 54:0     PE 40:3   LPA 
TG 54:1     PE 42:1   LPA 18:2  
TG 54:2     PE 42:2    
TG 54:3     PE 42:3    
TG 54:5     PE 44:1    
TG 54:6     PE 44:2    
TG 54:7     PE 44:3    
TG 54:8        
TG 54:9        
TG 55:2        
TG 56:0        
TG 56:1       
TG 56:2        
TG 56:3        
TG 56:4       
TG 56:5        
TG 56:6       
TG 58:0        
TG 58:1        
TG 58:3        
TG 58:4       
TG 58:5        
TG 58:8       
TG 60:1        
TG 60:2        
TG 60:3        
 
For each of the brutto lipid species, the molecular species that was most readily 
identified and the proposed annotation of the MS/MS spectra are listed in Appendix M. 
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5.3.3. TOF scan peak areas 
There were 18,321 aligned features identified when the spectra under the data 
analysis conditions that had significantly greater areas in samples than in blanks. There 
were 141 retention time-m/z combinations that matched one of the 203 successful lipid 
identifications. 
The residual standard deviations (RSD %) between replicates was very high for 
most analysed features. RSD% between technical replicates ranged from less than 0.1 % 
up to 121.3 % (omitting cases where the analyte was not detected in one of the 
replicates), with a mean of 27.7 %, lower quartile (LQ) 10.3 %, median of 22.1 % and 
upper quartile (UQ) of 40.0 %. The distribution of RSD in just 4 mg dry tissue per mL 
of solvent ranged from less than 0.1 % up to 107.8 %, with a mean of 23.6 %, LQ of 7.4 
%, median of 18.5 % and UQ of 31.9 %. Between biological replicates, the RSD ranged 
from 0.6 % to 244.9 % (including cases where the analyte was not detected in one or 
more biological replicates), with the mean RSD of 40.1 %, LQ of 19.4 %, median of 
34.5 % and UQ of 52.3 %. 
5.3.3.1. Standard curves  
There were very few analytes for which both a positive slope and good linearity 
could be established for all four of the tissues. The sample loadings did not establish a 
reliable linear relationship between the relative peak areas of identified lipids and the 
concentration of extract analysed by LC-MS. Semi-quantitative assignment of 
concentrations could not be made. Therefore, only the relative peak areas were 
compared in the PCA and ANOVA. 
For those variables where a standard curve could be constructed (e.g. Figure 15), 
the slopes of the curves for seed samples were larger than those in the other three tissues 
(which tended to have similar slopes to each other). 
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Figure 15: Example standard curve for PC 36:3 with line of best fit and R2. The line is projected 
forward, with horizontal dotted lines indicating the highest and lowest relative peak areas detected 
in across the 4 mg/mL samples. Red square = Seed, Blue diamond =Flesh, Green triangle = Skin, 
Purple circle = Flesh+Skin. 
5.3.4. ANOVA and post-hoc differences 
There were 114 TOF features representing 103 brutto lipids that passed ANOVA 
(p=0.05) across the samples that contain extract equivalent to 4 mg dry tissue per mL of 
solvent (p-values in Appendix N, while means and results of Tukey HSD post-hoc test 
across all samples are tabulated in Table 46, Table 47 and Table 48 ).  
5.3.5. Cabernet Sauvignon and Riesling tissues 
In general, lipid species did not differ in concentration between mature (14 wpf) 
grape tissues of either of the grape varieties (Cabernet Sauvignon and Riesling) 
explored in this study (Table 46). Riesling seeds and Cabernet seeds each had 
significantly higher concentrations of DG 38:4 than the flesh and skin tissues of each 
variety. MGDG 36:6 and DGDG 38:3 were significantly more concentrated in Cabernet 
Sauvignon skins compared to grape flesh and seeds, but the difference in Riesling 
241 
tissues was not significant. Phosphatidylcholines with 32 to 36 acyl carbons with one to 
four double bonds were more concentrated in Cabernet Sauvignon seed tissues than in 
flesh tissues, while PC32:2, PC 32:3, PC 36:1 and PC 36:2 were also more concentrated 
in Cabernet Sauvignon seed tissues compared to skin tissues. PC 34:3, PC 36:1 and PC 
36:2 were significantly more concentrated in Riesling seed tissues when compared to 
Riesling flesh tissues, while PC 36:1 was also more concentrated in Riesling seeds than 
in skins. The LPC lipids were significantly more concentrated in Cabernet Sauvignon 
seeds than in skins or flesh, and significantly more concentrated in Riesling seeds than 
in skins or flesh. PG 32:0 was also more concentrated in Cabernet Sauvignon seeds than 
in flesh or skins, but was there was not a significant difference when comparing 
Riesling tissues to each other. 
Table 46: Mean peak ratios for lipids identified in Cabernet Sauvignon and Riesling tissues. Means 
sharing letter superscripts are not significantly different under Tukey’s HSD (p<0.05). Red 
highlighted means were not significantly different from the samples with the maximum peak ratio 
for this lipid species across all samples. 
  Cabernet Sauvignon Riesling 
index 
lipid 
name 
deseeded 
 berries 
flesh seed skin 
deseeded 
 berries 
flesh seed skin 
1 
DG 
34:2 
0.0077BC 0.0066BC 0.019A-C 0.011BC 0.0080BC 0.0092BC 0.012BC 0.0079BC 
2 
DG 
34:3 
3.9x10-5C 3.9x10-5C 5.2x10-5C 5.2x10-5C 4.5x10-5C 4.8x10-5C 4.4x10-5C 4.9x10-5C 
5 
DG 
36:4 
1.0x10-5CD 8.9x10-6CD 9.6x10-6CD 1.2x10-5B-D 1.1x10-5B-D 
1.0x10-
5CD 
7.4x10-6D 
8.4x10-
6CD 
6 
DG 
36:5 
5.5x10-7CD 2.9x10-7D 8.3x10-7CD 6.2x10-7CD 5.7x10-7CD 4.2x10-7D 4.0x10-7D 
5.5x10-
7CD 
7 
DG 
36:6 
29BC 31A-C 20BC 25BC 24BC 30BC 21BC 21BC 
8 
DG 
38:2 
0.0017CD 0.0014CD 0.0020CD 0.0014CD 0.0015CD 0.0017CD 0.0013CD 0.0010CD 
9 
DG 
38:3 
6.0x10-6D 3.6x10-6D 8.8x10-6D 9.6x10-6D 4.7x10-6D 5.0x10-6D 5.2x10-6D 5.8x10-6D 
10 
DG 
38:4 
23BC 13C 1.4x102A 18C 13C 12C 95AB 10C 
11 
DG 
40:2 
2.3x10-5C 2.1x10-5C 2.5x10-5C 3.0x10-5C 2.6x10-5C 2.7x10-5C 1.6x10-5C 2.4x10-5C 
12 
DG 
40:3 
4.4x10-5A-C 1.0x10-5DE 7.3x10-6E 6.7x10-6E 6.7x10-6E 6.7x10-6E 6.7x10-6E 6.0x10-6E 
13 
DG 
42:2 
7.9x10-6BC 5.4x10-6C 9.1x10-6BC 6.9x10-6BC 6.3x10-6C 6.4x10-6C 6.9x10-6C 4.7x10-6C 
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  Cabernet Sauvignon Riesling 
index 
lipid 
name 
deseeded 
 berries 
flesh seed skin 
deseeded 
 berries 
flesh seed skin 
16 
TG 
42:1 
6.6B 6.4B 6.6B 17B 6.5B 7.0B 8.7B 5.4B 
19 
TG 
46:0 
27B 25B 26B 66B 26B 29B 37B 23B 
23 
TG 
48:0 
29B 28B 30B 73B 29B 34B 41B 25B 
24 
TG 
48:1 
39B 37B 38B 99B 36B 38B 51B 31B 
25 
TG 
48:2 
32B 31B 33B 80B 30B 34B 42B 26B 
30 
TG 
50:1 
12AB 9.8AB 9.3AB 32AB 9.0AB 7.7B 12AB 6.0B 
32 
TG 
50:3 
17B 19B 17B 44B 17B 20B 23B 15B 
38 
TG 
52:2 
4.9B 4.1B 5.7B 13AB 4.6B 3.2B 6.0B 2.3B 
39 
TG 
52:3 
1.5x102A-C 1.5x102A-C 2.8x102A 1.2x102A-C 1.1x102A-C 1.0x102BC 1.9x102AB 1.0x102BC 
46 
TG 
54:1 
5.8B 6.8B 6.8B 16B 6.1B 6.6B 7.8B 4.5B 
50 
TG 
54:5 
13B 8.2B 35B 22B 7.7B 8.4B 29B 6.0B 
51 
TG 
54:6 
40B 13B 1.7x102B 48B 9.5B 11B 86B 5.5B 
52 
TG 
54:7 
6.4B 7.6B 9.3B 12B 5.2B 8.1B 8.4B 2.8B 
53 
TG 
54:8 
0.18B 0.30B 0.072B 0.31B 0.23B 0.31B 0.11B 0.066B 
57 
TG 
56:1 
1.3B 1.5B 1.6B 3.1B 1.5B 2.0B 2.2B 1.6B 
58 
TG 
56:2 
0.84B 1.2B 1.2B 2.9B 1.2B 1.5B 1.7B 1.1B 
59 
TG 
56:3 
3.4B 3.5B 4.2B 8.9B 3.1B 3.6B 4.1B 2.5B 
61 
TG 
56:5 
6.6C 5.3C 11BC 14BC 4.4C 5.0C 9.0C 3.6C 
62 
TG 
56:6 
4.6B 3.0B 12B 9.0B 2.2B 2.5B 6.9B 1.5B 
64 
TG 
58:1 
1.7B 1.9B 1.9B 4.5B 1.8B 2.0B 2.4B 1.5B 
68 
TG 
58:8 
0.30BC 0.37BC 0.37BC 1.0AB 0.35BC 0.62A-C 0.45BC 0.45BC 
75 
MGDG 
34:4 
1.6B 1.0B 2.4B 3.7B 0.91B 1.5B 1.5B 1.3B 
81 
MGDG 
36:6 
17D 8.6D 21CD 1.1x102AB 29B-D 26CD 10D 36B-D 
84 
DGDG 
34:1 
3.6AB 2.1B 5.4AB 18AB 1.7B 1.8B 6.5AB 4.0AB 
85 
DGDG 
34:2 
1.5B 0.59B 3.8AB 10AB 1.4B 0.91B 1.3B 1.9B 
86 
DGDG 
34:3 
5.6D 1.8D 21A-D 47AB 6.7CD 3.3D 5.5D 11B-D 
88 
DGDG 
34:4 
17B 6.1B 56B 93B 13B 8.5B 28B 17B 
89 
DGDG 
36:3 
38B 22B 83B 1.6x102B 28B 27B 68B 42B 
92 
DGDG 
38:3 
0.14B 0.090B 0.28B 1.7A 0.070B 0.15B 0.13B 0.26B 
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  Cabernet Sauvignon Riesling 
index 
lipid 
name 
deseeded 
 berries 
flesh seed skin 
deseeded 
 berries 
flesh seed skin 
93 
SQDG 
34:1 
0.65BC 0.62BC 1.6A-C 2.2A-C 0.80BC 0.58BC 1.1BC 0.85BC 
95 
SQDG 
34:3 
0.91BC 0.90BC 1.5A-C 2.4A-C 0.61BC 0.59BC 1.1BC 0.79BC 
96 
SQDG 
36:1 
0.80A-C 0.49BC 0.91A-C 1.5A-C 0.48BC 0.73BC 0.65BC 0.67BC 
97 
SQDG 
36:2 
2.0A-C 1.1BC 2.7A-C 4.2A-C 0.89BC 1.8BC 1.9BC 1.1BC 
98 
SQDG 
36:3 
0.10C 0.085C 0.15BC 0.34A-C 0.083C 0.17BC 0.14C 0.098C 
99 
SQDG 
36:4 
0.26C 0.20C 0.69A-C 0.52C 0.29C 0.34C 0.26C 0.21C 
101 
SQDG 
36:6 
0.13C 0.20C 0.41BC 0.41BC 0.16C 0.22C 0.17C 0.075C 
104 
PC 
32:0 
0.69A-C 0.58A-D 1.0A 0.92A 0.75AB 0.64A-D 0.76A 0.55A-D 
105 
PC 
32:1 
0.58B-E 0.55C-E 1.3A 0.90A-C 0.75A-D 0.69B-E 1.1AB 0.64B-E 
106 
PC 
32:2 
0.59DE 0.60DE 2.3A 0.92C-E 0.88C-E 0.87C-E 1.3B-D 0.67C-E 
107 
PC 
32:3 
0.11C-E 0.076C-E 0.41A 0.17B-D 0.18BC 0.18BC 0.28AB 0.11C-E 
109 
PC 
34:1 
8.2B-E 8.1B-E 21A 11A-E 6.4C-E 6.2DE 18AB 7.8C-E 
111 
PC 
34:3 
0.49A-E 0.39B-F 0.88A 0.77AB 0.51A-E 0.42B-F 0.61A-C 0.47B-F 
113 
PC 
36:1 
0.87CD 0.80CD 4.7A 1.7CD 0.86CD 0.67CD 3.8AB 1.2CD 
114 
PC 
36:2 
3.9C-E 3.3DE 21A 8.9B-E 5.3C-E 4.6C-E 15AB 6.5B-E 
115 
PC 
36:3 
5.1BC 4.1BC 17A 12A-C 6.3BC 5.2BC 9.9A-C 7.8A-C 
116 
PC 
36:4 
9.3C 7.5C 43A 24A-C 16BC 15C 18BC 17BC 
117 
PC 
36:5 
3.9A-C 3.5A-C 3.4A-C 8.9AB 6.6A-C 6.1A-C 1.3C 6.8A-C 
118 
PC 
36:6 
0.83AB 0.76AB 0.43AB 1.6A 1.2AB 1.2AB 0.21B 1.2AB 
120 
PC 
38:3 
0.035B 0.037B 0.055B 0.074AB 0.043B 0.039B 0.036B 0.051B 
121 
PC 
38:4 
0.35A-C 0.30A-C 0.47AB 0.54A 0.30A-C 0.28A-C 0.26A-C 0.39A-C 
122 
PC 
38:5 
0.074AB 0.060AB 0.030AB 0.14A 0.078AB 0.070AB 0.019B 0.10AB 
123 
PC 
40:2 
0.17A-C 0.19A 0.20A 0.18AB 0.093C-F 0.11B-D 0.10C-E 0.11B-E 
124 
PC 
40:4 
0.95A-D 1.0A-C 0.65A-D 1.4A 1.1A-C 1.2AB 0.51B-D 0.94A-D 
125 
LPC 
16:0 
0.81CD 0.62CD 3.7A 0.64CD 1.0CD 1.1C 2.6B 0.52CD 
128 
LPC 
18:2 
0.57C 0.36C 3.0A 0.40C 0.84C 0.86C 1.9B 0.40C 
132 
PE 
34:1 
0.11CD 0.11D 0.20CD 0.14CD 0.11CD 0.11D 0.17CD 0.11CD 
133 
PE 
34:2 
0.085D 0.11D 0.22CD 0.13D 0.16CD 0.15D 0.14D 0.13D 
134 
PE 
34:3 
0.050C 0.055C 0.048C 0.064BC 0.064BC 0.061C 0.034C 0.059C 
244 
  Cabernet Sauvignon Riesling 
index 
lipid 
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deseeded 
 berries 
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deseeded 
 berries 
flesh seed skin 
135 
PE 
36:1 
0.017C 0.013C 0.023C 0.022C 0.016C 0.016C 0.022C 0.017C 
136 
PE 
36:2 
0.0049C 0.0039C 0.0062C 0.0054C 0.0053C 0.0059C 0.0068C 0.0064C 
137 
PE 
36:3 
0.082D 0.074D 0.15CD 0.094CD 0.094CD 0.093D 0.11CD 0.11CD 
138 
PE 
36:4 
0.054D 0.047D 0.14CD 0.081CD 0.078CD 0.075D 0.075D 0.077CD 
139 
PE 
36:5 
0.011BC 0.0090BC 0.0077BC 0.018BC 0.018BC 0.018BC 0.0041C 0.015BC 
140 
PE 
36:6 
0.0021B 0.0019B 0.0015B 0.0026B 0.0025B 0.0024B 0.0019B 0.0022B 
141 
PE 
38:2 
0.013C 0.012C 0.017C 0.016C 0.020C 0.020C 0.017C 0.018C 
142 
PE 
38:3 
0.027C 0.022C 0.030C 0.026C 0.026C 0.023C 0.022C 0.028C 
143 
PE 
38:4 
0.010C 0.0080C 0.0090C 0.0081C 0.0081C 0.0083C 0.0083C 0.011C 
145 
PE 
40:2 
0.023C 0.028C 0.033C 0.025C 0.047C 0.050C 0.021C 0.027C 
146 
PE 
40:3 
0.0051CD 0.0055CD 0.0033CD 0.0050CD 0.0063B-D 0.0070B-D 0.0027D 0.0038CD 
148 
PE 
42:1 
0.0071C 0.0076C 0.0095C 0.0091C 0.0085C 0.0085C 0.0083C 0.0083C 
149 
PE 
42:2 
0.0058C 0.0084C 0.0076C 0.0071C 0.0094C 0.012C 0.0044C 0.0050C 
150 
PE 
42:3 
0.0015D 0.0018CD 7.9x10-4D 0.0016D 0.0015D 0.0016D 7.7x10-4D 0.0014D 
154 
PS 
34:3 
0.019B 0.025AB 0.020B 0.031AB 0.030AB 0.030AB 0.019B 0.028AB 
155 
PS 
36:2 
0.13AB 0.13AB 0.24A 0.21A 0.15AB 0.14AB 0.17AB 0.14AB 
156 
PS 
36:3 
0.021B 0.015B 0.012B 0.012B 0.011B 0.010B 0.0097B 0.0070B 
158 
PS 
38:1 
0.027B-D 0.037BC 0.028B-D 0.039B 0.020B-D 0.026B-D 0.022B-D 0.026B-D 
159 
PS 
38:2 
0.21BC 0.23BC 0.22BC 0.25BC 0.16C 0.19C 0.18C 0.20BC 
165 
PS 
40:2 
0.20C 0.22C 0.20C 0.27C 0.30C 0.26C 0.13C 0.24C 
166 
PS 
40:3 
0.071BC 0.074BC 0.072BC 0.11BC 0.064BC 0.070BC 0.054C 0.082BC 
169 
PS 
42:2 
0.052BC 0.058BC 0.056BC 0.062BC 0.043BC 0.048BC 0.039C 0.045BC 
174a 
PG 
32:0 
4.3B-E 4.5B-D 9.7A 4.7B-D 3.3C-E 4.2B-E 3.6C-E 4.7B-D 
175 
PG 
34:0 
1.3AB 1.3AB 1.7A 1.1A-C 0.76B-F 0.80B-E 0.96B-D 1.2A-C 
176a 
PG 
34:1 
0.64A-C 0.76AB 0.59A-D 0.78A 0.48A-E 0.45A-E 0.45A-E 0.48A-E 
177a 
PG 
34:2 
0.48A-D 0.59AB 0.71A 0.52A-C 0.40A-E 0.37A-E 0.23B-E 0.55A-C 
178a 
PG 
34:3 
0.25A 0.19A-C 0.10A-C 0.092A-C 0.068A-C 0.056A-C 0.043BC 0.027C 
181b 
PI 
34:1 
0.91BC 0.51C 1.1BC 2.2A-C 0.44C 0.59C 1.1BC 0.53C 
182b 
PI 
34:2 
6.9C 4.3C 12BC 27A-C 6.6C 6.1C 8.1C 8.5C 
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183b 
PI 
34:3 
1.7AB 1.3AB 2.2AB 5.1AB 2.1AB 1.9AB 1.1B 1.4AB 
185 
PI 
36:1 
0.45B 0.30B 0.42B 0.87B 0.31B 0.30B 0.47B 0.34B 
186b 
PI 
36:2 
3.7B 3.6B 7.0B 9.3B 2.4B 3.0B 4.4B 2.8B 
188 
PI 
36:4 
0.35B 0.24B 0.26B 0.36B 0.32B 0.35B 0.35B 0.15B 
 
5.3.6. De-seeded berry development 
Several lipid species decreased in concentration as the deseeded Cabernet 
Sauvignon berries developed (Table 47). Diacylglycerides, with the exceptions of DG 
34:3, DG 36:5, DG 38:4 and DG 40:3 significantly decreased in concentration as the 
berry developed. DG 34:3, DG 36:5 and DG 38:4 did not significantly change during 
development, while the concentration of DG 40:3 significantly increased during berry 
development. Triacylglycerides tended not to change concentration during berry 
development. Two SQDG lipids decreased in concentration during berry development; 
SQDG 34:3 and SQDG 36:3. Phosphatidylcholines with less than 36 acyl carbons or 
more than 38 acyl carbons tended to either not change in concentration during 
development, or increase in concentration during the final weeks of berry development 
(PC 32:0, PC 32:1, PC 34:1 and PC 34:3, PC 40:3 and PC 40:4). Phosphatidylcholines 
with 36 and 38 acyl carbons tended to decrease in concentration in the weeks leading up 
to 10 wpf, at which point, most of these PC lipids were significantly less concentrated 
than they were at 4 wpf, before spiking back up to original concentrations during the 
late weeks of development. Exceptions to this were PC 36:1 and PC 38:5, which did not 
significantly change concentration during development, while PC 36:2 significantly 
dropped in concentration after 4 wpf and did not return to its initial concentration even 
in the late weeks of development. Phosphatidylethanolamines and phosphatidylserines 
also tended to decrease in concentration after having an initial high concentration at the 
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four to six weeks post flowering stage, with the exceptions of PS 36:3 and PS 38:1. The 
phosphatidylglycerols increased in concentration during the final weeks of berry 
development, with the exception of PG 34:3, which did not significantly change in 
concentration during development. Lyso-phosphatidylcholines and 
phosphatidylinositols did not change during berry development. 
Table 47: Mean peak ratios for lipids identified in deseeded Cabernet Sauvignon during berry 
development. Means sharing letter superscripts are not significantly different under Tukey’s HSD 
(p<0.05). Red highlighted means were not significantly different from the samples with the 
maximum peak ratio for this lipid species across all samples. 
index lipid name CS 4 wpf CS 6 wpf CS 8 wpf CS 10 wpf CS 12 wpf CS 14 wpf 
1 DG 34:2 0.023AB 0.036A 0.025AB 0.0077BC 0.010BC 0.0077BC 
2 DG 34:3 7.5x10-5C 1.1x10-4C 9.4x10-5C 4.1x10-5C 5.5x10-5C 3.9x10-5C 
5 DG 36:4 3.3x10-5A-D 4.1x10-5AB 3.4x10-5A-D 1.4x10-5B-D 1.6x10-5B-D 1.0x10-5CD 
6 DG 36:5 9.1x10-7CD 1.6x10-6C 7.8x10-7CD 3.4x10-7D 7.7x10-7CD 5.5x10-7CD 
7 DG 36:6 28BC 49AB 65A 26BC 21BC 29BC 
8 DG 38:2 0.0079AB 0.011A 0.0052BC 0.0021CD 0.0022CD 0.0017CD 
9 DG 38:3 5.9x10-4AB 9.2x10-4A 3.8x10-4BC 9.0x10-5CD 1.1x10-5CD 6.0x10-6D 
10 DG 38:4 26BC 45BC 38BC 26BC 17C 23BC 
11 DG 40:2 3.3x10-4AB 4.4x10-4A 3.0x10-4AB 5.4x10-5C 3.2x10-5C 2.3x10-5C 
12 DG 40:3 3.7x10-5B-D 2.6x10-5C-E 1.0x10-5DE 6.9x10-5A 6.0x10-5AB 4.4x10-5A-C 
13 DG 42:2 6.0x10-5A 6.5x10-5A 3.3x10-5A-C 1.4x10-5BC 1.0x10-5BC 7.9x10-6BC 
16 TG 42:1 6.0B 6.2B 7.2B 5.6B 6.7B 6.6B 
19 TG 46:0 22B 24B 26B 22B 26B 27B 
23 TG 48:0 25B 26B 29B 25B 29B 29B 
24 TG 48:1 33B 35B 38B 33B 39B 39B 
25 TG 48:2 27B 28B 31B 27B 32B 32B 
30 TG 50:1 8.4B 9.6AB 12AB 8.2B 13AB 12AB 
32 TG 50:3 14B 15B 18B 16B 17B 17B 
38 TG 52:2 3.9B 4.4B 8.4AB 3.6B 7.3AB 4.9B 
39 TG 52:3 1.3x102A-C 1.2x102A-C 2.2x102AB 1.5x102A-C 2.7x102AB 1.5x102A-C 
46 TG 54:1 4.9B 5.4B 6.1B 5.8B 6.7B 5.8B 
50 TG 54:5 6.5B 7.0B 27B 8.9B 23B 13B 
51 TG 54:6 7.6B 13B 1.1x102B 21B 1.1x102B 40B 
52 TG 54:7 5.4B 5.3B 17B 5.3B 8.5B 6.4B 
53 TG 54:8 0.16B 0.11B 0.66AB 0.11B 0.18B 0.18B 
57 TG 56:1 1.1B 1.3B 1.5B 1.3B 1.4B 1.3B 
58 TG 56:2 0.78B 0.96B 1.1B 0.97B 1.0B 0.84B 
59 TG 56:3 3.0B 3.0B 4.4B 2.8B 3.7B 3.4B 
61 TG 56:5 4.4C 4.6C 9.4BC 5.0C 8.2C 6.6C 
62 TG 56:6 2.1B 2.6B 7.9B 3.5B 8.3B 4.6B 
64 TG 58:1 1.5B 1.5B 1.8B 1.7B 1.9B 1.7B 
68 TG 58:8 0.21C 0.21C 0.46BC 0.34BC 0.38BC 0.30BC 
75 
MGDG 
34:4 
0.20B 0.17B 0.066B 0.12B 2.1B 1.6B 
81 
MGDG 
36:6 
25CD 21CD 5.6D 7.4D 61A-D 17D 
84 
DGDG 
34:1 
0.27B 0.23B 0.14B 0.48B 4.9AB 3.6AB 
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85 
DGDG 
34:2 
0.63B 0.52B 0.21B 0.34B 3.1AB 1.5B 
86 
DGDG 
34:3 
2.8D 2.5D 1.2D 1.7D 13A-D 5.6D 
88 
DGDG 
34:4 
2.2B 2.4B 1.0B 1.9B 29B 17B 
89 
DGDG 
36:3 
6.1B 5.5B 2.3B 4.2B 67B 38B 
92 
DGDG 
38:3 
0.028B 0.018B 0.012B 0.045B 0.18B 0.14B 
93 
SQDG 
34:1 
0.78BC 0.62BC 0.33C 0.15C 1.6A-C 0.65BC 
95 
SQDG 
34:3 
2.9A-C 2.6A-C 1.5A-C 0.11C 1.1A-C 0.91BC 
96 
SQDG 
36:1 
0.16C 0.11C 0.041C 0.046C 0.71BC 0.80A-C 
97 
SQDG 
36:2 
0.70C 0.53C 0.31C 0.16C 2.3A-C 2.0A-C 
98 
SQDG 
36:3 
0.67AB 0.57A-C 0.26BC 0.016C 0.20BC 0.10C 
99 
SQDG 
36:4 
0.65BC 0.54C 0.34C 0.036C 0.45C 0.26C 
101 
SQDG 
36:6 
0.21C 0.16C 0.16C 0.029C 0.18C 0.13C 
104 PC 32:0 0.17B-D 0.094CD 0.068D 0.072D 0.61A-D 0.69A-C 
105 PC 32:1 0.27DE 0.17E 0.11E 0.11E 0.69A-E 0.58B-E 
106 PC 32:2 0.36E 0.23E 0.16E 0.14E 0.85C-E 0.59DE 
107 PC 32:3 0.041C-E 0.025DE 0.022DE 0.019E 0.14B-E 0.11C-E 
109 PC 34:1 6.6C-E 3.1E 2.3E 2.9E 17A-D 8.2B-E 
111 PC 34:3 0.27C-F 0.21D-F 0.12EF 0.084F 0.60A-D 0.49A-E 
113 PC 36:1 1.7CD 0.42CD 0.25D 0.35CD 1.8CD 0.87CD 
114 PC 36:2 13A-D 5.2C-E 2.7E 1.8E 7.9B-E 3.9C-E 
115 PC 36:3 14AB 6.6BC 4.2BC 2.4C 11A-C 5.1BC 
116 PC 36:4 39AB 23A-C 14C 5.3C 23A-C 9.3C 
117 PC 36:5 11A 8.1A-C 6.3A-C 1.7BC 7.7A-C 3.9A-C 
118 PC 36:6 1.3AB 1.1AB 1.1AB 0.32B 1.3AB 0.83AB 
120 PC 38:3 0.18A 0.097AB 0.038B 0.015B 0.084AB 0.035B 
121 PC 38:4 0.47AB 0.31A-C 0.18A-C 0.077C 0.55A 0.35A-C 
122 PC 38:5 0.15A 0.092AB 0.059AB 0.023AB 0.13AB 0.074AB 
123 PC 40:2 0.038D-F 0.024F 0.021F 0.023F 0.22A 0.17A-C 
124 PC 40:4 0.32CD 0.25CD 0.18D 0.16D 1.2A-C 0.95A-D 
125 LPC 16:0 0.14D 0.058D 0.037D 0.098D 0.59CD 0.81CD 
128 LPC 18:2 0.20C 0.11C 0.070C 0.071C 0.42C 0.57C 
132 PE 34:1 1.7A 1.1B 0.58C 0.42CD 0.27CD 0.11CD 
133 PE 34:2 2.7A 2.2AB 1.2BC 0.51CD 0.26CD 0.085D 
134 PE 34:3 0.42A 0.29AB 0.30AB 0.15BC 0.12BC 0.050C 
135 PE 36:1 0.17A 0.11B 0.057BC 0.037C 0.027C 0.017C 
136 PE 36:2 0.048A 0.036AB 0.022BC 0.010C 0.0076C 0.0049C 
137 PE 36:3 0.95A 0.66AB 0.44BC 0.22CD 0.16CD 0.082D 
138 PE 36:4 1.7A 1.2AB 0.76BC 0.22CD 0.15CD 0.054D 
139 PE 36:5 0.19A 0.077A-C 0.15AB 0.050BC 0.036BC 0.011BC 
140 PE 36:6 0.030A 0.020AB 0.031A 0.0059AB 0.0036AB 0.0021B 
141 PE 38:2 0.16A 0.098B 0.059BC 0.042BC 0.028C 0.013C 
142 PE 38:3 0.19A 0.12AB 0.067BC 0.037C 0.042BC 0.027C 
143 PE 38:4 0.076A 0.057AB 0.035BC 0.014C 0.014C 0.010C 
145 PE 40:2 0.19A 0.12AB 0.085BC 0.076BC 0.055BC 0.023C 
146 PE 40:3 0.019A 0.014AB 0.011A-C 0.0093B-D 0.0085B-D 0.0051CD 
148 PE 42:1 0.060A 0.040AB 0.023BC 0.014C 0.013C 0.0071C 
149 PE 42:2 0.20A 0.13AB 0.073BC 0.033C 0.024C 0.0058C 
150 PE 42:3 0.013A 0.0085A-C 0.0092AB 0.0039B-D 0.0038B-D 0.0015D 
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index lipid name CS 4 wpf CS 6 wpf CS 8 wpf CS 10 wpf CS 12 wpf CS 14 wpf 
154 PS 34:3 0.054A 0.042AB 0.032AB 0.013B 0.033AB 0.019B 
155 PS 36:2 0.23A 0.16AB 0.10AB 0.064B 0.18AB 0.13AB 
156 PS 36:3 0.017B 0.016B 0.015B 0.052A 0.030AB 0.021B 
158 PS 38:1 0.034B-D 0.024B-D 0.0094CD 0.0063D 0.027B-D 0.027B-D 
159 PS 38:2 0.72A 0.47AB 0.24BC 0.12C 0.24BC 0.21BC 
165 PS 40:2 1.2A 0.76AB 0.46BC 0.28C 0.53BC 0.20C 
166 PS 40:3 0.24A 0.16AB 0.096BC 0.062BC 0.11BC 0.071BC 
169 PS 42:2 0.17A 0.14AB 0.10A-C 0.028C 0.094A-C 0.052BC 
174a PG 32:0 1.8C-E 1.5DE 0.83E 3.1C-E 7.8AB 4.3B-E 
175 PG 34:0 0.25EF 0.17EF 0.075F 0.42D-F 1.2A-C 1.3AB 
176a PG 34:1 0.19DE 0.15E 0.087E 0.18E 0.67A-C 0.64A-C 
177a PG 34:2 0.17C-E 0.11DE 0.062E 0.19C-E 0.70A 0.48A-D 
178a PG 34:3 0.23A 0.23AB 0.21AB 0.26A 0.26A 0.25A 
181b PI 34:1 0.99BC 0.66C 0.28C 0.52C 1.9A-C 0.91BC 
182b PI 34:2 15BC 13BC 7.4C 2.3C 10BC 6.9C 
183b PI 34:3 4.4AB 4.6AB 3.2AB 0.57B 3.6AB 1.7AB 
185 PI 36:1 0.16B 0.056B 0.018B 0.071B 0.65B 0.45B 
186b PI 36:2 1.4B 0.85B 0.39B 0.57B 5.2B 3.7B 
188 PI 36:4 0.56B 0.41B 0.22B 0.045B 0.61B 0.35B 
 
5.3.7. Seed development 
During the mid-to-late stage of seed development, few lipids changed in 
concentration (Table 48). Triacylglycerides were an exception to this, with most spiking 
up in concentration at 12 wpf before returning to the 10 wpf concentration at 14 wpf. 
Monogalactosyldiacylglycerides significantly decreased in concentration at 14 wpf 
compared to 10 or 12 wpf. Digalactosyldiacylglycerides did not significantly change in 
concentration during seed development, with the exceptions of DGDG 34:3 and DGDG 
36:3, which dropped in concentration significantly at 14 wpf compared to 10 wpf. 
Twelve PC lipids did not significantly change concentration during seed development, 
while five PC lipids were significantly more concentrated in 14 wpf seeds relative to 10 
wpf seeds, along with LPC 16:0. PE lipids did not change concentration during seed 
development, with the exception of PE 36:2, which significantly decreased in 
concentration at 14 wpf compared to 10 and 12 wpf seeds. Phosphatidylserines also did 
not change in concentration in seeds during lipids, with the exception of PS 38:1, which 
decreased in concentration in seeds at 14 wpf compared to 10 and 12 wpf. PG lipids 
significantly increased in concentration in mature seeds compared to seeds at 10 wpf, 
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with the exception of PG 34:3, which had no change during seed development. 
Phosphatidylinositols 34:2, 36:1 and 36:2 were significantly less concentrated in 14 wpf 
seeds compared to 10 wpf, while PI 34:1, PI 36:2 and PI 36:4 significantly dropped in 
concentration in seeds at 14 wpf compared to 12 wpf. PI 34:3 was static in 
concentration in seeds from 10 to 14 wpf. 
Table 48: Mean peak ratios for lipids identified in Cabernet Sauvignon seeds during late berry 
development. Means sharing letter superscripts are not significantly different under Tukey’s HSD 
(p<0.05). Red highlighted means were not significantly different from the samples with the 
maximum peak ratio for this lipid species across all samples. 
index lipid name CS Seed 10 wpf CS Seed 12 wpf CS Seed 14 wpf 
1 DG 34:2 5.0x10-5C 1.6x10-5C 0.019A-C 
2 DG 34:3 7.3x10-4A 4.9x10-4B 5.2x10-5C 
5 DG 36:4 5.1x10-5A 3.8x10-5A-C 9.6x10-6CD 
6 DG 36:5 8.4x10-6A 3.3x10-6B 8.3x10-7CD 
7 DG 36:6 0.99C 0.58C 20BC 
8 DG 38:2 3.6x10-6D 1.2x10-6D 0.0020CD 
9 DG 38:3 6.0x10-5CD 2.9x10-5CD 8.8x10-6D 
10 DG 38:4 0.15C 0.11C 1.4x102A 
11 DG 40:2 1.9x10-4BC 1.3x10-4BC 2.5x10-5C 
12 DG 40:3 7.8x10-6E 7.8x10-6E 7.3x10-6E 
13 DG 42:2 4.2x10-5AB 3.4x10-5A-C 9.1x10-6BC 
16 TG 42:1 48B 1.7x102A 6.6B 
19 TG 46:0 1.0x102B 3.4x102A 26B 
23 TG 48:0 3.0x102B 1.1x103A 30B 
24 TG 48:1 67B 2.0x102A 38B 
25 TG 48:2 3.0x102B 1.1x103A 33B 
30 TG 50:1 11AB 37A 9.3AB 
32 TG 50:3 1.7x102B 5.9x102A 17B 
38 TG 52:2 7.5AB 22A 5.7B 
39 TG 52:3 0.97C 0.95C 2.8x102A 
46 TG 54:1 35B 1.1x102A 6.8B 
50 TG 54:5 7.2x102B 2.1x103A 35B 
51 TG 54:6 1.9x103B 5.2x103A 1.7x102B 
52 TG 54:7 80B 2.2x102A 9.3B 
53 TG 54:8 0.60AB 1.5A 0.072B 
57 TG 56:1 4.6B 18A 1.6B 
58 TG 56:2 5.7B 17A 1.2B 
59 TG 56:3 42B 1.3x102A 4.2B 
61 TG 56:5 1.0x102B 2.7x102A 11BC 
62 TG 56:6 80B 2.1x102A 12B 
64 TG 58:1 5.8B 23A 1.9B 
68 TG 58:8 0.55A-C 1.3A 0.37BC 
75 MGDG 34:4 11A 12A 2.4B 
81 MGDG 36:6 1.1x102A-C 1.5x102A 21CD 
84 DGDG 34:1 22A 13AB 5.4AB 
85 DGDG 34:2 15A 10AB 3.8AB 
86 DGDG 34:3 49A 43A-C 21A-D 
88 DGDG 34:4 5.6x102A 2.4x102B 56B 
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89 DGDG 36:3 7.3x102A 3.4x102AB 83B 
92 DGDG 38:3 NDD 0.44B 0.28B 
93 SQDG 34:1 2.7AB 3.3A 1.6A-C 
95 SQDG 34:3 4.8A 3.7AB 1.5A-C 
96 SQDG 36:1 2.1AB 2.4A 0.91A-C 
97 SQDG 36:2 6.8A 5.9AB 2.7A-C 
98 SQDG 36:3 0.90A 0.32BC 0.15BC 
99 SQDG 36:4 2.7A 2.6AB 0.69A-C 
101 SQDG 36:6 1.7A 1.3AB 0.41BC 
104 PC 32:0 0.54A-D 0.71AB 1.0A 
105 PC 32:1 0.46C-E 0.51C-E 1.3A 
106 PC 32:2 1.5A-C 2.0AB 2.3A 
107 PC 32:3 0.021DE 0.042C-E 0.41A 
109 PC 34:1 15A-D 17A-C 21A 
111 PC 34:3 0.43B-F 0.32C-F 0.88A 
113 PC 36:1 1.9CD 2.2BC 4.7A 
114 PC 36:2 14A-C 13A-C 21A 
115 PC 36:3 12A-C 12A-C 17A 
116 PC 36:4 26A-C 30A-C 43A 
117 PC 36:5 2.1BC 2.7BC 3.4A-C 
118 PC 36:6 0.25B 0.28B 0.43AB 
120 PC 38:3 0.0084B 0.0058B 0.055B 
121 PC 38:4 0.17BC 0.15BC 0.47AB 
122 PC 38:5 0.012B 0.015B 0.030AB 
123 PC 40:2 0.032EF 0.053D-F 0.20A 
124 PC 40:4 0.52B-D 0.41CD 0.65A-D 
125 LPC 16:0 2.5B 2.8AB 3.7A 
128 LPC 18:2 2.8A 3.2A 3.0A 
132 PE 34:1 0.17CD 0.20CD 0.20CD 
133 PE 34:2 0.29CD 0.38CD 0.22CD 
134 PE 34:3 0.034C 0.034C 0.048C 
135 PE 36:1 0.017C 0.023C 0.023C 
136 PE 36:2 0.035AB 0.053A 0.0062C 
137 PE 36:3 0.087D 0.10CD 0.15CD 
138 PE 36:4 0.092CD 0.12CD 0.14CD 
139 PE 36:5 6.4x10-4C 8.6x10-4C 0.0077BC 
140 PE 36:6 7.2x10-4B 0.0012B 0.0015B 
141 PE 38:2 0.012C 0.013C 0.017C 
142 PE 38:3 0.027C 0.027C 0.030C 
143 PE 38:4 0.0045C 0.0047C 0.0090C 
145 PE 40:2 0.013C 0.022C 0.033C 
146 PE 40:3 0.0044CD 0.0044CD 0.0033CD 
148 PE 42:1 0.0059C 0.0073C 0.0095C 
149 PE 42:2 9.4x10-4C 0.0011C 0.0076C 
150 PE 42:3 8.0x10-4D 9.9x10-4D 7.9x10-4D 
154 PS 34:3 0.012B 0.013B 0.020B 
155 PS 36:2 0.10AB 0.10AB 0.24A 
156 PS 36:3 0.013B 0.012B 0.012B 
158 PS 38:1 0.090A 0.10A 0.028B-D 
159 PS 38:2 0.13C 0.13C 0.22BC 
165 PS 40:2 0.19C 0.24C 0.20C 
166 PS 40:3 0.064BC 0.056BC 0.072BC 
169 PS 42:2 0.031C 0.032C 0.056BC 
174a PG 32:0 5.4BC 7.1AB 9.7A 
175 PG 34:0 0.48C-F 0.64B-F 1.7A 
176a PG 34:1 0.27C-E 0.35B-E 0.59A-D 
177a PG 34:2 0.25B-E 0.34A-E 0.71A 
178a PG 34:3 0.17A-C 0.17A-C 0.10A-C 
181b PI 34:1 3.3AB 4.2A 1.1BC 
182b PI 34:2 58A 48AB 12BC 
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5.3.8. Principal component analysis (PCA) 
Principal Component Analysis (PCA) was employed to better visualise the co-
variation of treatments and TOF features identified with lipid species (Figure 16 and 
Figure 17). The first three principal components explained 29.8 %, 24.0 % and 12.7 % 
of the variance, respectively (Table 49). Together the first two components explained 
53.7 % of variance, while the first five accounted for 79.2 % of variance.  
Table 49: Eigenvalues and percentage of variance explained by the first five principal components 
Principal component percentage of variance cumulative percentage 
of variance 
eigenvalue 
PC-1 29.79 29.80 42.90 
PC-2 23.95 53.74 34.48 
PC-3 12.70 66.43 18.28 
PC-4 8.10 74.54 11.67 
PC-5 4.66 79.20 6.72 
 The treatments separated out well with PC-1 and PC-2 (Figure 16), but did not 
separate out in either PC-3 or PC-4. 
183b PI 34:3 7.1A 4.2AB 2.2AB 
185 PI 36:1 4.9A 1.8B 0.42B 
186b PI 36:2 32A 28A 7.0B 
188 PI 36:4 1.3AB 3.0A 0.26B 
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Figure 16: Scores plot for the different grape tissues. A blow up of the central part of the plot is 
provided. CS= Cabernet Sauvignon grapes (circle), R= Riesling (star), wpf= weeks post flowering 
Positive PC-1 scores for the 10 and 12 wpf seed samples and negative PC-1 scores 
for the 4-10 wpf flesh/skin samples characterized PC-1. PC-2 was characterised by 
positive scores for 10 and 12 wpf seed samples and 4-8 wpf flesh/skin samples, while 
the 10 and 12 wpf flesh/skin samples as well as the mature Cabernet Sauvignon and 
Riesling tissues had negative PC-2 scores (Figure 16).  
There was a clear trend in development of both seeds and flesh/skin samples, with 
early development flesh/skin samples having high negative PC-1 and high positive PC-2 
scores. As development progressed both development series converged on low PC-1 
scores and slightly negative PC-2 scores, with the exception of the seed samples, where 
the PC-1 and PC-2 scores of 12 wpf samples were more positive than the 10 wpf 
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samples, before becoming less positive in the 14 wpf seed samples. 
 There was not a clear separation of 4, 6 and 8 wpf flesh/skin samples from each 
other or of 8 wpf flesh/skin samples from 10 wpf flesh/skin samples. However, the 10 
wpf samples were distinct from both the 4 and 6 wpf samples. In addition, the 10, 12 
and 14 wpf flesh/skin samples were distinct from each other. 
The 10, 12 and 14 wpf seed samples were also distinct from each other when PC-1 
and PC-2 were plotted together. 
When PC-1 and PC-2 were considered together there was a clear separation of the 
principal components when comparing each of the mature Cabernet Sauvignon tissues 
to the respective Riesling tissues. Cabernet Sauvignon tissues tended to have a more 
positive PC-1 score and a more negative PC-2 score than their Riesling counterparts, 
with the exception of Cabernet Sauvignon skin samples, which had more positive PC-1 
and PC-2 scores than Riesling skin samples. 
 Mature seeds from both varieties were distinct from flesh, skin or flesh/skin 
samples. Cabernet Sauvignon skin samples had a different lipidomic profile than 
Cabernet Sauvignon flesh or flesh/skin samples, but there was no difference detected 
between Riesling skin, flesh and flesh/skin samples. The seed samples tended to have a 
more positive PC-1 score and a similar PC-2 score as the respective flesh samples, 
except for Cabernet Sauvignon skin samples, which had a similar PC-1 score and a 
more positive PC-2 score compared to the Cabernet Sauvignon seed samples. 
 
The lipids tended to have similar loadings to other lipids in the same class (Figure 
17). However, there was some variation in loadings according to the degree of 
unsaturation of the individual lipid species in SQDG, PC and PS lipid classes. 
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Figure 17: Comparison of the scores of the treatments (top left, see Figure 16 for more detail) and 
the loadings for each of the lipid classes (black dots represent the “centre” of the class when each 
brutto species is given the same weight). 
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The first principal component was characterized (using the dimension description 
function in the R package “FactoMineR”) by high positive PC-1 loadings for TG, 
glycolipids (MGDG, DGDG and SQDG), LPC and PI; and by high negative PC-1 
loadings for DG, PS and PE (Figure 17).  
The second principal component was characterized by high positive PC-2 loadings 
for TGs, SQDGs, DGDGs, PEs and PIs and high negative PC-2 loadings for PGs 
(Figure 17). 
The third principal component was characterized by high positive PC-3 loadings for 
glycolipids (MGDGs, DGDGs and SQDGs), PSs, PGs, PIs, LPCs and PCs.  
In general, the loadings of individual members of each lipid group were tightly 
clustered (e.g. PG and PE; Figure 17). DG and PC lipids were the least clustered lipid 
classes, with the individual loadings dispersed through three and four quadrants of the 
plot, respectively. 
Within some lipid groups there was a cluster of individual lipids with a few outliers. 
For example, the TG lipids co-varied with the 10 and 12 wpf seed samples, with the 
exception of TG 52:3, which was negatively associated with these mid-development 
seed samples. DG, PE, and PS lipids co-varied with early development stage flesh+skin 
samples, with the exception of DG 38:4. The glycolipids covaried with seed samples 
taken at ten- or twelve-weeks post flowering. There was a trend among SQDGs, those 
with a high degree of unsaturation tended to have lower PC-1 loadings and higher PC-2 
loadings than SQDGs with a low degree of unsaturation. The ten- and twelve-weeks 
post flowering seed samples also associated with lipids of the PI and LPC classes. There 
was a strong negative association of PG lipids with early development stage flesh+skin 
samples. 
PSs and PCs with a low degree of unsaturation tended to have positive associations 
with either the mid-development seed samples or with the immature de-seeded berry 
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samples, while PCs with a high degree of unsaturation tended to have negative 
associations with the earlier development samples. 
 
5.4. Discussion 
5.4.1. Storage 
An important detail to note is that there was a significant delay of several years 
between when the grapes were harvested from the vineyard and the separation of the 
grapes into the different tissues. Even though the grapes were stored at -80 °C during 
this time, degradation of lipids can still take place around these temperatures (Whiteley, 
1992). Similarly, there was a delay of several months between separation of the tissues 
and extraction, and both processes involved some thawing or freezing. Due to the 
freeze-thawing cycles and the long storage times, it is possible that some lipids were 
degraded while in frozen storage, for example by lipid peroxidation (Whiteley, 1992). 
5.4.2. Extraction 
The original plan in this study was to carry out a modified Bligh and Dyer extraction 
(Bligh and Dyer, 1959) of the grape tissue samples. The Bligh and Dyer extraction 
involves the extraction of lipids from samples using a single phase composed of 
chloroform, methanol and water, and subsequent separation of polar and non-polar 
metabolites into aqueous and organic phases by adding chloroform and water. The 
organic phase can be decanted and washed by a similar liquid-liquid extraction. 
However, during method development, the recovery rates of internal standards in the 
control Bligh and Dyer extraction process was found to be very low. The phase 
separation steps of the Bligh and Dyer process were therefore omitted, which improved 
the recovery rates. 
The use of chloroform in the extraction process can be problematic in itself, with 
the potential for lipids to react with formyl chloride and phosgene, which are 
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breakdown products of chloroform (Owen et al., 2005). Furthermore, chloroform is 
generally not available in “LCMS grade” purity. Chloroform derived artefacts were 
suspected to be generated in a study that used chloroform in the mobile phase of an 
HPLC method (Owen et al., 2005). However, the current study did not use chloroform 
as a component of the mobile phase. In this chapter the solvents contained butylated 
hydroxyanisole (BHA) as an antioxidant, which is similar to what other grape 
lipidomics methods have done, but the other studies did so with the analogue; butylated 
hydroxytoluene (BHT) (Tumanov et al., 2015, Della Corte et al., 2015). 
5.4.3. Range of lipids detected 
On the basis of the MS/MS spectra, 204 different lipid species were identified. 
For comparison, 83 lipids were identified in a lipidomic profiling study of Sauvignon 
Blanc juice (Tumanov et al., 2015). Another recent LC-MS study of several grape 
varieties identified 33 lipids in grape tissues, although the aims of the latter study 
focused on a limited subset of lipids in a few lipid classes (Della Corte et al., 2015). 
Only two natural lysophospholipids were detected, while no free fatty acids, natural 
phosphatidic acids or monoacylglycerides were detected in the study described in this 
chapter. In the case of detecting phosphatidic acids, the absence might be attributed to 
low abundance, as the PA and LPA internal standards were identified in positive ESI 
mode. However other groups have found that acidic PA exclusively ionize in negative 
ESI mode (Knittelfelder et al., 2014b), whereas the work in this chapter was only 
carried out in positive ESI mode. However, many lipids from the other acidic lipid 
classes, albeit weakly acidic classes, namely SQDGs and PIs, were successfully 
identified in the grape samples. This might indicate that PA are not as abundant in grape 
tissues compared to SQDG and PI, are not as efficiently detected in positive ESI mode, 
or it could be that production of phosphatidic acid artefacts had been avoided by the 
denaturation of phospholipases by isopropanol addition before lipid extraction. The 
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possibility of endogenous lipolytic grape enzymes modifying the lipidome upon 
homogenisation of the samples meant the enzymes had to be denatured or inhibited by 
adding isopropanol if the observed lipidome was to reflect the real lipidome of the 
grape. Of particular concern is the action of phospholipase D, which is not denatured by 
the Bligh and Dyer solvent mixture (chloroform and methanol), and which has been 
shown to even become more active in its activity in this buffer (Douce et al., 1966). 
Phospholipase D activity is thought to be indicated by the presence of free fatty acids, 
phosphatidic acids, lysophospholipids and di- and mono-acylglycerols. 
The activity of lipases may explain the differences in lipids identified in this 
study compared to the lipidomic profiling studies of grape must by Tumanov et al. and 
of grape tissues by Della Corte and co-workers (Tumanov et al., 2015, Della Corte et 
al., 2015). In the Tumanov et al. study (Tumanov et al., 2015), the samples used were 
musts produced from pressed grapes, which was not done with denaturation of 
phospholipases, and this might explain the detection of 13 free fatty acids, 8 
lysophospholipids and 6 monoacylglycerols. It may also explain the lack of PI, PS, PG, 
PE, SQDG, MGDG and DGDG classes found in the grape juice samples (Tumanov et 
al., 2015). Similarly, the Della Corte et al. study did not have a step for denaturing 
lipases prior to lipid extraction from grape samples and the reported lipids classes 
detected are very limited (Della Corte et al., 2015). In contrast, the results of this study 
identified several lipids in each of those classes. Nevertheless, seven lysophospholipids 
and many DGs were detected in the study described in this chapter. While these come 
from a wider range of phospholipid classes, the presence of these species may indicate 
that only partial denaturation of lipolytic enzymes was achieved, as opposed to the total 
denaturation that could be achieved by using boiling isopropanol (Hitchcock and 
Nichols, 1971). The use of boiling isopropanol in this study was ruled out for two 
reasons. The first reason was a concern that the application of heat would create 
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chemical changes in the lipids. The second was a practical aspect that emerged in trial 
runs of the method; adding very cold homogenised grape tissue to hot isopropanol made 
it difficult to maintain all of the sample in the extraction vessel, resulting in loss of 
material. While doing the same with cold isopropanol did not lead to ejection of 
material from the extraction vessels (perhaps because hot isopropanol is much less 
viscous compared to cold isopropanol). In addition, some of the tube caps would pop 
open with the heat several minutes later, in some cases losing solvent as they did so. An 
alternative to disrupting lipolytic enzymes with isopropanol is to use EDTA (Galliard, 
1974). 
It is possible that the addition of sulfur compounds, such as SO2, is able to 
denature lipolytic enzymes, in addition to its anti-oxidant and anti-microbial functions. 
However, the total absence of many phospholipid classes in the study of Tumanov et al. 
suggests that the lipidomes of commercially prepared musts are altered by lipolytic 
enzymes to the extent that some classes are entirely destroyed (Tumanov et al., 2015). If 
the lipolytic enzymes can remove all trace of certain phospholipid classes then perhaps 
commercial SO2 addition has little denaturing effect on those lipolytic enzymes. 
Another possibility for the differences in lipids identified in this study compared 
to previous grape lipidomic studies is that different varieties, different grape berry 
material, and fruit from different development stages were used in this work compared 
with those studied by Tumanov and co-workers (Tumanov et al., 2015). However, the 
presence and absence of specific lipids was not observed when comparing Riesling 
tissues and their Cabernet Sauvignon counterparts in this study. Instead different 
degrees of concentration of lipids were observed between the varieties in this chapter, so 
it seems unlikely that the choice of variety dominates differences between the studies. 
Another main difference is that the study described here investigated each of the main 
tissues of the grape berry, along with a flesh/skin composite, as opposed grape must in 
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the study by Tumanov and co-workers (Tumanov et al., 2015). As mentioned earlier, on 
the basis of previous GC-MS studies, it is expected that grape must will have a lower 
percentage of phospholipid and higher percentages of glycolipids and neutral lipids, 
than grape flesh contains (Miele et al., 1993). The LCMS study of Della Corte et al. was 
performed on grape tissues, but it is likely that the samples were contaminated by fungal 
metabolites because they reported finding ergosterol in their grape samples (Della Corte 
et al., 2015) and ergosterol is an exclusive characteristic of fungal cell walls (Porep et 
al., 2014). Finally, the methods used here differ from previous work in the grape/wine 
lipidomics field because it used a combination of reversed-phase liquid chromatography 
with positive mode ESI-QTOF. The Tumanov et al. study did not use liquid 
chromatography, but instead relied on the frequency discrimination of infused ions in 
the orbitrap mass spectrometer (Tumanov et al., 2015). However, orbitrap configuration 
mass spectrometry generally cannot accommodate separation of lipid species on a 
chromatographic column such as that found in LC-MS. The chromatographic separation 
of sets of isobaric lipid species is one good reason for including a reversed phase 
chromatography technique in a preliminary separation of the lipidome before MS. For 
example, monoalkyl-diacyl TG species can be chromatographically separated from 
corresponding diacyl DG species. Likewise, certain PC and PS pairs can be separated 
chromatographically. Mass spectrometers that can accommodate liquid chromatography 
may also benefit from the concentrating of minor lipid components eluting from a 
separation on a column. Analysing minor components as well as major lipid 
components was required in this chapter because diverse lipid classes and acyl chains 
seemed to have different effects on yeast-derived aromas in chapter 4. Liquid 
chromatography similar to that used in this chapter was used by Della Corte et al., but a 
triple quad spectrometer was used in that study (Della Corte et al., 2015). The advantage 
of the QTOF mass spectrometer used in this chapter over QqQ mass spectrometry is the 
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discovery of lipids from dozens of lipid classes simultaneously, along with the 
confirmation of spectra by high mass accuracy (Han et al., 2012). However, in this 
chapter only positive-ion mode data was collected. By only carrying out positive mode 
mass spectrometry, only species that are readily detectable in positive mode at extracted 
concentrations were detected. Negative-ion mode is especially suited to measuring free 
fatty acids and certain phospholipid classes. Positive-mode ionization efficiency of 
lipids is generally less effective than that of negative-mode ionization, so may have 
contributed to the poor peak shape, as is discussed later. However, positive ion mode 
was chosen as the preferred method in this chapter because triacylglycerides and their 
fragmentation are more effectively analysed in positive ion mode, and the work in 
Chapters 3 and 4 had suggested that TG lipids were important in influencing FAEE 
concentrations. Positive ion mode also seems to have been able to give qualitative data 
on a wide range of the core lipid classes. It was therefore viewed as more important that 
the method should analyse glycerides, glycolipids and phospholipids across a greater 
range of treatments, rather than sacrificing treatments to run negative-ion mode analysis 
(with the only additional major lipid classes potentially added being free fatty acids).   
5.4.4. R function 
MSPEPSEARCH is a free piece of software produced by NIST for proteomics 
analysis. MSPEPSEARCH takes mgf data formats as inputs and scores spectra against a 
NIST format library (msp file format), by treating the spectra as vectors. The openness 
of the library format and data format, led to the selection of MSPEPSEARCH as the 
prototype of scoring for this study. LipidBlast is an in-silico library of several different 
lipid classes that are able to be exported to msp for comparison to data through 
MSPEPSEARCH. However, early searches with LipidBlast and MSPEPSEARCH 
produced annotations of only the overall precursor candidates for each lipid, and not of 
the individual fragments, despite these annotations being part of the generation of the 
262 
LipidBlast library. But, because the spectra being produced in this chapter were not 
obtained under the same chromatographic and mass spectrometry conditions as those 
used for the generation of the LipidBlast library, the quality of matches could not be 
easily verified. Because fragment annotation was not an easily accessible function in the 
initial workflow, it was decided that custom R functions might be able to serve the 
purpose; having spectra annotated in such a way that the quality of the matching 
candidates might be assessed. The mathematics of the function were based on the same 
family of equations as the MSPEPSEARCH algorithms (Stein and Scott, 1994, Stein), 
with the option of giving different weightings based on the relative intensity, ranked 
intensity (Yen et al., 2011) and the mass-to-charge ratio of the fragments in a spectra. 
The score that is produced is based on the dot product of the weighted vectors, 
representing the similarity of the two spectra. The alteration of the dot product equation 
was done according to the observation of Alfassi, in order to have the consistent 
mathematical basis for the treatment as vectors (Alfassi, 2004). The self-written R 
functions performed comparably to a similar analysis using MSPEPSEARCH, taking 
approximately a minute to analyse each mgf file. The functions also produced dot-
product and reverse dot-product scores that were comparable to those by 
MSPEPSEARCH, perhaps indicating that the weightings given to m/z, fragment 
intensity and fragment ranking were similar, but the scores seemed insensitive when the 
weightings given to each variable were reconfigured. This might be a problem due to 
the rounding of intensities to integers between 1 and 999, particularly for intensities 
assigned to many minor fragments, which were included in the analysis in order to 
explore whether some minor fragments were formed by various lipid classes in the 
conditions used in this study. 
The main purpose of writing the function was not to score spectra for similarity 
to in-silico library spectra, for that MSPEPSEARCH dot-products were used in the final 
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analysis. Instead, the goal was to be able to automatically produce experimental MS/MS 
spectra annotated according to the predicted fragments of an in-silico library based on 
previously reported fragmentations. This would allow a third-party to more easily assess 
the quality of the assignment of MS/MS spectra or to develop libraries that suit their 
particular experimental conditions. In addition, the annotated spectra can help the 
researcher identify those fragmentations which have not been explained by the 
annotations attached to the particular in-silico library being used.  
One difficulty of running the function was that it was unreliable when importing 
different folders containing multiple experimental mgf files. An additional roadblock 
was that the file size of some matrices produced in the analysis exceeded 2 MB, which 
is a limit in a normal R session. This meant that libraries had to be broken up into 
several libraries of a single lipid class at a time (to reduce their size), and then the 
analysed results were combined at a later stage. A more elegant solution would be to put 
the experimental and reference precursors into m/z bins, and then to only perform the 
outer vector product calculation on those in similar bins, which would cut down on the 
vast majority of calculations that are currently done in the precursor-match filtering 
function, which are redundant because most of the precursor combinations never need 
to be tested to be within the desired tolerance. For instance, a library precursor of 104 
m/z never needs to be tested to see if it is within 10 ppm of an experimental precursor of 
1006 m/z, but as it stands, the R function will compare them anyway, which 
unnecessarily increases computation time and the size of the vectors that need to be 
allocated. 
One difficulty with lipidomic spectra is that there are often dozens, if not 
hundreds of molecular lipids that have the same, or very similar, precursor masses. A 
further complication is that these lipid species may elute close together, or 
simultaneously, and therefore the MS/MS spectrum can be a hybrid of many different 
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(but similar) structurally defined, molecular, or even brutto lipid species. This was seen 
often in the MS/MS spectra in this study; fragments representing several lipids were 
present in the same spectra. The process of generating the annotated library spectra from 
the LipidBlast spreadsheets used in these experiments did not allow for the easy 
interpretation of the fragments present due to several convoluted spectra. Changing the 
way library spectra are generated so that more annotations are made should be relatively 
simple. Some prominent fragments that were observed in the MS/MS spectra of the 
phospholipid standards could be explained by exchange of one or two deuterium atoms 
in the D31-palmitic acyl chain with unlabelled-hydrogen. The supplier had recognised 
this previously and they included a disclaimer that the deuterium atoms on the acyl α-
position are able to exchange with unlabelled hydrogen in a portion of the standard. 
5.4.5. Lipid class scope 
The lipid classes analysed and detected omit several lipid classes. As discussed 
earlier, the absence of PAs and lysophospholipids, free fatty acids and 
monoacylglycerides could be a result of: the elimination of lipolytic enzyme-activity 
during extraction, an endogenously low occurrence of these classes in the analysed 
tissues, or the fact that the analysis was limited to positive ESI mode. While it is known 
that PA, LPA and FFA are better detected in negative ESI mode (Knittelfelder et al., 
2014a), there was no difficulty in identifying the 17:1 lysophosphatidic acid standard or 
the D31-labelled phosphatidic acid standard added during the sample preparation 
procedure, so the positive-mode ESI method used in this study should be able to detect 
these lipid classes. However, there was no high-quality identification of the D5-labelled 
MG standard during the analysis of samples (it was unambiguously identified in pre-
method development with similar conditions but without grape extract included), which 
may indicate that the method was less sensitive to MG due to components in the grape 
sample matrices. 
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Other lipid classes were not analysed because the techniques used could not 
identify the biologically relevant structures without chemical modification or 
derivatization. These lipid classes include sterol esters, prenols, acyl carnitines, 
polyketides and acyl co-enzyme A conjugates. Della Corte et al. recently studied select 
lipids in grape flesh using a similar LC-MS solvent system and column to that used in 
this chapter (Della Corte et al., 2015), showing that acyl carnitines, sterols, free fatty 
acids, sphingolipids and prenols could also be analysed with the LC conditions of this 
chapter. However, this chapter chose to omit these lipid classes because molecular lipid 
species cannot be unambiguously identified, which may have been a factor in the Della 
Corte et al. study possibly mistaking the fungal cell wall component ergosterol in grape 
samples, possibly as a result of fungal contamination, or because of misidentification of 
an ergosterol isomer, such as ergocalciferol (Della Corte et al., 2015). 
This study only identified brutto lipid species, as well as indicating the 
molecular lipid species that gave the most high-quality explanation for the experimental 
spectra for each brutto species. More specific identification of lipid species, such as the 
absolute configuration of acyl chains in the lipids, and the position and geometry of the 
double bonds usually requires chemical modification for determination.  
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5.4.6. Odd-chained lipids 
There were several lipid spectra identified that indicated that some lipid species 
contain acyl chains comprised of an odd-number of carbons. Odd-numbered acyl 
containing lipid species were also reported by Tumanov and co-workers (Tumanov et 
al., 2015), who suggested that they could be products of microbial metabolism, but 
noted that most plant lipidomes include some odd-numbered acyl chains. This might 
indicate that the use of odd-numbered acyl standards in future lipidomic studies of 
grapes and musts may not be ideal and it would be better the use stable isotope-labelled 
standards for all classes of lipid being investigated. The study reported in this chapter 
did use internal standards containing odd-numbered acyl chains, but only for the 
lysophospholipids, of which only two LPC species were detected. The rest of the 
internal standards were deuterium-labelled. 
5.4.7. TOF scan data quality 
The information-dependent data (IDA) collection of MS/MS did not allow semi-
quantification of lipid species using fragment areas of known transitions. This was 
because the settings used excluded a triggered mass from subsequent re-triggering for 
an excessively long time (1800 seconds instead of the intended 1800 milliseconds). 
Nevertheless, a large number of lipids were able to be identified from the instances 
where IDA was triggered in this study. Shortening the exclusion period may have 
allowed semi-quantification of the most abundant lipid species, but could also have 
decreased the variety of lipid species identified, as IDA experiment slots would be more 
frequently occupied monitoring common m/z triggers. In addition, this exclusion period 
may have meant that several later eluting molecular species of lipid did not have 
MS/MS spectra collected, and consequently later eluting TOF scan peaks of isobar 
species may not been excluded during data analysis because they did not have a MS/MS 
spectral confirmation corresponding to them. 
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The data from the TOF scan had to be relied upon for semi-quantifying lipid species 
identified by MS/MS spectra. However, at the concentrations used in this study the peak 
quality of the TOF scan was poor. This was reflected in the residual standard deviations 
of relative peak areas, which were generally greater than the recommended upper limit 
for RSD% of 15 %. This, in turn, meant that the expected positive-slope, linear 
relationship between relative peak area and sample load could not be established for 
most of the analytes. Peak areas relative to that of internal standards was therefore the 
best object of comparison available. Relative peak areas are reported in some other 
lipidomic studies of grape must, although this chapter uses lipid class-specific standards 
as opposed to a single standard for normalising peak areas.  
Comparisons of relative peak areas of the vast majority of TOF features yielded 
many significant differences when all of the samples with similar sample loadings were 
compared. However, fewer significant differences were observed when comparing 
subsets of the data, which made the sub-sets unsuitable for answering additional 
research questions. 
If it is assumed that an increase in relative peak area reflected an increase in the 
concentration of the analyte, then seed samples tended to have a greater slope of relative 
peak area increase with sample loading than samples taken from skin, flesh or 
flesh/skin, which had similar slopes to each other. However, the assumption that relative 
peak area reflects analyte concentration is not fully reliable; some analytes had flat or 
negative gradients when the relative peak area and sample load were fitted with 
regression lines.  
The major driver of inter-treatment variation in the relative peak areas of lipids 
selected for PCA by ANOVA was between samples that were not later directly 
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compared, namely between seed samples from 10 and 12 wpf and flesh/skin samples 
from 4, 6 and 8 wpf. 
While the primary purpose of this study was to gain a qualitative understanding of 
what molecular lipids are in grape tissues, the method requires further development 
before solid quantitative data could be validated. Having a sensible exclusion time 
would have allowed the preferred quantification by relative peak areas of MS/MS 
fragments of well understood transitions. In positive mode, the MS/MS peak heights 
were too low compared to background noise, which has to be improved if it is to be the 
means of quantification. Other plant lipidomic studies have been able to quantify TG, 
MGDG, DGDG. PA, LPC, PC, LPE, PE, LPG, PG, PI, and PS in positive ESI mode 
based on the ratio of molecular ions of analytes to those of internal standards (Li et al., 
2014, Narasimhan et al., 2013, Kim et al., 2013). However, even these lipid classes had 
high RSD % at the sample loadings used in this chapter. Using negative mode for 
quantification may have been a better choice, as the improved ionization efficiency of 
lipids in ammonium formate solvent systems would be expected. A higher sample 
loading, than 4 mg of dry material per mL of solvent, could possibly improve the peak 
shape and data quality. A comparison of the injection loadings of the present study to 
those of other grape lipidomic studies is given in Table 50. The injection loading of 
grape lipid extract in this chapter is slightly less than that used by Arita and co-workers 
(Arita et al., 2017), and slightly more than the diluted extract studied by Della Corte and 
co-workers (Della Corte et al., 2015). However, Della Corte carried out additional LC-
MS measurements that injected a much higher concentration of lipid onto the columns 
in order to measure the presence of a wider range of minor lipid species. While column 
overloading can occur, it appears that larger injection concentrations could have been 
carried out to measure and detect the minor lipid species. Slightly higher injection 
loading could also have been carried out to improve peak shape of the TOF scan in 
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order to measure the major lipid species. On the other hand, increasing lipid 
concentrations beyond an optimal concentration can lead to problems such as loss of 
analyte by aggregation of lipid molecules, precipitation from solution, and a loss of 
efficiency of formation of molecular ions. (Züllig et al., 2019).   
Table 50: Comparative column loadings of the lipidomic studies in this chapter, Arita, et al., and in 
Della Corte, et al. Della Corte, et al. carried out LCMS on two different concentrations of extract. 
Asterisks * indicate that the values were estimated on the basis of approximations of grape flesh 
containing 83.3 % water, skin tissue containing 63 % water, seed containing 26.9 % water, and 
whole grape tissue containing 70 % water. 
 Approximate 
column load (mg 
fresh tissue 
extracted per 
injection) 
Approximate 
column load (mg 
dry tissue extracted 
per injection) 
Injection volume 
(µL) 
Della Corte 
(undiluted) 
8.3 2.49* 3 
Della Corte (1:100) 0.083 0.0249* 3 
Arita 0.16* 0.06 3 
This chapter (upper 
range, i.e. from 
flesh) 
0.0240* 0.04 10 
This chapter (lower 
range, i.e. from 
seed) 
0.054* 0.04 10 
 
5.4.8. Trends identified in PCA 
The PCA mainly separated out the treatments into three groups; the 4-10 wpf 
flesh/skin samples, the 10-12 wpf seed samples, and the mature grape samples from all 
tissues. The second component contrasted the “early” development samples against 
their “mature” counterparts. The first component presented a development spectrum, 
with “early” flesh/skin samples at one extreme, and “early” seed samples at the other. 
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Samples converged on the centre of this spectrum as grape maturation was reached. 
This analysis suggests that the lipid compositions of the pericarp and of the seed are 
more distinct at earlier stages of development but become more uniform as maturation 
approaches.  
Intra-treatment variation was generally less in samples from later stages of 
development, which may indicate that berries are ‘out-of-sync’ with each other in 
earlier development stages, but the ripening process causes a synchronization of lipid 
composition. This synchronization could be a mechanism for optimizing seed-dispersal 
by producing berries with lipid compositions that are preferred by birds. 
With the exception of PC, PS and SQDG, there were no general trends in the 
variation of chain lengths and degrees of unsaturation across the samples. In the cases of 
PC, PS and SQDG the fatty acids tended to have a higher degree of unsaturation in early 
deseeded berry development stages and later in seed development, and a lower degree 
of unsaturation in late stages of flesh/skin development and in early seed development. 
A change in the degree of unsaturation may indicate that the plants are maintaining 
membrane composition so that membrane fluidity is optimal for given environmental 
conditions, such as temperature. Increasing the growth temperature results in re-
modelling of membrane composition, generally to lipids that pack more tightly in 
membranes; increasing the ratio of long acyl-chain containing lipids to shorter chain 
lipids, and decreasing the degree of unsaturation in acyl chains. The converse has been 
observed when grapes are grown in low temperatures; grapes grown in cold regions had 
higher degrees of unsaturation than those in warm regions (Yunoki et al., 2005). Other 
reasons for remodelling lipid chain lengths could be to accommodate membrane fluidity 
changes caused by changing concentrations of lipophilic compounds such as 
phytosterols or polyketides. However, with regard to PC and SQDG it should be noted 
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that class specific internal standards were not obtained or used to determine the relative 
amount of these analytes. 
The relative peak areas of PC increased in the flesh/skin samples as berry 
development progressed, while those of PE decreased. In mammalian cells an increase 
in the PC:PE ratio has been linked to decreasing membrane fluidity in mammalian cells 
(Li et al., 2006). The lack of reliable standard curves for these species means that the 
overall PC:PE ratio cannot be accurately determined in this study. However, the 
increase in PC:PE ratio would mirror the decreasing membrane fluidity that would 
result from having higher concentrations of saturated PC, PS and SQDG in flesh/skin at 
later developmental stages of the berry. It is possible that changes in bunch exposure 
during the season may lead to an increase in temperature that would necessitate 
membranes that pack tighter to keep the same overall membrane fluidity at the new 
temperature. Alternatively, the temperatures of the growing season might become 
progressively warmer in this region of South Australia, stimulating changes in 
membrane composition. 
5.4.9. Lipid class changes 
The deseeded berry samples gradually came to have a higher PG composition, 
possibly indicating the proliferation of either PG-rich mitochondria or plastids in the 
maturing flesh and skin tissues. The fact that the other plastid associated lipids, MGDG, 
DGDG and SQDG did not co-vary with PG suggests that it was not the plastids that 
were responsible. An increase in PG production along with mitochondria proliferation 
would fit with the theory that ripening fruit produces greater numbers of mitochondria 
due to the increased need for respiration to occur in these tissues as they ripen (Perotti et 
al., 2014). Climacteric fruits ripen during a sudden respiratory burst, but even grapes, 
non-climacteric fruits, show a gradual increase in respiration as they ripen (Chervin et 
al., 2004).   
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 Glycolipids strongly associated with the 10 and 12 wpf timepoints in seed 
tissues, before decreasing during the 14 wpf time point. However, no glycolipid class 
specific internal standards were not obtained or used to determine the relative amount of 
these analytes, so this observation should be noted with caution. Several seed 
lipoxygenases are known to reach their highest levels of expression during the period of 
ripening following veraison (c. 9 wpf), and some of the major substrates for these 
lipoxygenases are the galactolipids (Pilati et al., 2014, particularly supplementary data 
file 3). Therefore, it seems likely that the drop seen in glycolipid concentrations at 14 
wpf could be attributed to the action of lipoxygenases on these substrates.  
Triacylglycerides appear to become less abundant in grape seeds during the later 
stages of development, with the exception of TG 52:3, which became more abundant in 
seed tissues as they matured. An enrichment of TG 52:3 in embryonic seed tissues has 
been observed over cotyledon seed tissues in several other dicotyledon seeds: such as 
rape-seed, cotton and camelina seeds (Horn, et al. 2012, Horn, et al. 2013, and 
Woodfield, et al. 2017). It is possible that most TG species become less abundant at the 
14 wpf stage as the seed draws on the TG stores and prepares the embryo along with 
remodelling TGs to palmitic containing species such as TG 52:3. Woodfield and co-
workers have theorised that spatial differences in expression of thioesterases, such as 
FATA and FATB, results in the differences in acyl chain distribution (Woodfield, et al. 
2017).  
The strong association of DG species with immature flesh and skin tissues may 
indicate several things. Firstly, it may indicate an accumulation of DG during early 
berry development, and secondly it may indicate a consumption of DG pools due to 
synthesis of TGs and phospholipids from DG substrates. Transcription of DG synthesis 
genes in seedless grapes decreases from veraison to harvest time, while transcription of 
TG synthesis genes increases and peaks just before harvest (Balic et al. 2018).  
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5.5. Conclusions 
The work presented in this chapter sought to examine how the lipidome changes in 
different grape berry tissues and across development of the berry. Previous chapters 
established that the concentration of some complex lipids containing unsaturated fatty 
acids can change the metabolic accumulation of some FAEE in wine. However, more 
research should be done into the intermediate step between these processes, namely how 
can winemakers manipulate the lipid composition of the grape juice must. There is 
strong evidence that the presence of grape solids (skin and seed) in must and subsequent 
extraction of lipids to grape juice has an impact on the fermentation of grapes and the 
aroma profile of the resulting wine (Houtman et al., 1980, Luparia et al., 2004, Valero et 
al., 1998). 
The work in this chapter has confirmed that grapes contain a variety of complex 
lipids, including glycolipids and lipids from many phospholipid classes. The use of 
isopropanol to denature lipolytic enzymes during preparation of plant tissues is 
suggested as a reason for the greater range of lipids identified compared to previous 
grape lipidomic studies (Tumanov et al., 2015, Della Corte et al., 2015). While 
quantification and significant differences could not be established in some comparisons, 
patterns in the variation of relative peak areas could be distinguished by PCA. Grape 
development stage was shown to influence the lipidomic profiles of both seed and 
flesh/skin in Cabernet Sauvignon. Riesling tissues were each distinguishable from their 
Cabernet Sauvignon counterparts.  Seeds had particularly different lipid profiles from 
other tissues in both Riesling and Cabernet Sauvignon grapes. In addition, this chapter 
proposed a way in which fragments in MS/MS spectra can be annotated based on 
predicted fragments from other sources in a way that may help interpretation and 
transmission of information between laboratories 
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Chapter 6 - Summary 
The composition of a parcel of grapes will influence the volatile profiles of wines 
made from those grapes. This, in turn, will determine the sensory characteristics that a 
consumer will experience when drinking that wine leading to like or dislike of the 
product. It is important to understand exactly how grapes influence wine composition. 
While most focus has been on varietal characteristics, it is becoming increasingly 
obvious that grapes can alter the concentration of compounds produced by the yeast 
during fermentation (Duan et al., 2015, Rollero et al., 2015). Knowing exactly what to 
measure in grapes in order to predict wine sensory outcomes will then allow the 
development of strategies to manipulate these compounds in the vineyard to control 
wine style.  
The work presented in Chapter 2 sought to explore how specific grape tissues might 
influence wine profiles as an indication of wine volatiles that can be altered by grape 
composition. Key findings included; elevated concentrations of FAEE are found in 
wines made with seed tissue supplements, wines made from skins have elevated 
monoterpenoid and nor-isoprenoid concentrations, and differences in concentrations of 
some wine volatiles that are potentially derived from amino acids are found between 
wines made with different grape tissues. Given the prevalence of FAEE in all wines, 
this result was chosen as a focus for the rest of the thesis. Several possible differences in 
the composition of grape tissues could have contributed to elevated FAEE 
concentrations in the wines. For example, there might be differences in the 
concentration of short chain fatty acids or fatty acyl-CoA amongst the tissues, or 
differences in biotin, thiamine, amino acids concentrations or other factors relevant to 
fatty acyl synthesis, and differences in longer chain fatty acid composition of the grape 
tissues.  
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Because of the many compound classes that could have contributed to the elevated 
FAEE concentrations, it was decided that a natural products separation chemistry 
approach would be most suited to identifying grape components that alter FAEE 
concentrations in wine (Chapter 3). In the first stage of this work the grape components 
were separated by polarity and assessed for their FAEE producing potential which was 
used as the criterion for further purification and identification of chosen fractions. The 
key finding was that a fraction containing TG 54:6, a PUFA TG with 54 acyl carbons 
and 6 carbon-carbon double bonds, induced increased FAEE concentrations in model 
fermentations. It was estimated that about half of this mixture of triglycerides was 
trilinolein (18:2(n-6)/18:2(n-6)/18:2(n-6)), and half was isomers of a triglyceride 
containing one acyl chain of each of oleoyl, linoleoyl and α-linolenoyl acids (18:1(n-9)-
18:2(n-6)-18:3(n-3)). Neither of the previous lipidomic analyses of grape lipids had 
reported measuring TG 54:6 species (Tumanov et al., 2015, Della Corte et al., 2015). 
However, TG 54:6 species have been identified in the lipidomes of almonds, olive oil, 
Camelina sativa seeds, and in Arabidopsis leaves, seedlings, and seeds (Li et al., 2008, 
Li et al., 2014, Lukić et al., 2020, Horn et al., 2013, Okazaki and Saito, 2018, Mueller et 
al., 2015). Interestingly, in Arabidopsis seedlings, TG 54:6 was molecular marker of 
heat stress, undergoing fivefold increase (Mueller et al., 2015). Similarly, other highly 
polyunsaturated TGs with C18 acyl chains increased in seedlings subjected to high 
temperatures (Mueller et al., 2015). Mueller and co-workers suggested that the plants 
were stabilizing their membranes by sequestering PUFA-containing DG and FA species 
away from membranes through incorporation of them into PUFA TG species and 
storing them in lipid droplets (Mueller et al., 2015). Horn and co-workers used Mass 
Spectrometry imagery on Camelina sativa seeds, finding TG 54:6 made up about 7 
mol% of the TG overall, but were heterogeneously distributed between different parts of 
the seed, ranging from about 15 mol% in the embryonic axis to almost none in the  
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cotyledon (Horn et al., 2013). Horn and co-workers also made a mutant with RNA 
interfering with expression of the extraplastidal fatty acyl elongase gene FAE1, and the 
fatty acid desaturase gene FAD3 (Horn et al., 2013). Camelina sativa seeds mutated in 
this way produced large amounts of PC 36:4 (i.e. dilinolenyl phosphatidyl choline) and 
more than doubled the proportion of TG species that were TG 54:6 to about 17-19 
mol% (Horn et al., 2013). This was likely due to the combination of: (1) the diversion of 
18:1-CoA from entering the elongase pathways that produce 20:1-CoA and (2) the 
removal of the selective desaturation of PC containing 18:2 to 18:3 by FAD3, and (3) 
the exchange by PDAT (PC:DAG acyltransferase) of acyl chains from PC to TG by a 
pathway in the ER that is independent of the Kennedy pathway (Horn and Chapman, 
2012, Horn et al., 2013). On the other hand disrupting the FAE1 and FAD2 gene meant 
halving the amount of PC 36:4 and TG 54:6 in the seeds, as desaturation of 18:1 to 18:2 
in PC was greatly reduced, and TG 54:3 and PC 36:2 accumulated (Horn et al., 2013). 
Given the work in other plants, it would also be interesting to investigate in grapes 
whether TG 54:6 and similar lipids accumulate in heat stress and other stress conditions, 
and also whether grapes with different expression of homologues of Camelina sativa 
FAE1, FAD2, and FAD3 can be used to engineer accumulation of different lipid 
compositions and subsequently have potential to influence wine aroma production. 
Because TG (18:1(n-9)-18:2(n-6)-18:3(n-3)) was not commercially available, the 
FAEE production potential of model musts containing trilinolein was investigated 
(Chapter 4). To test the potential of the oleoyl and linolenoyl components of the tri-acid, 
triolein and trilinolenin were also supplemented into model musts to test for significant 
differences in FAEE production. In order to elucidate whether the FAEE-inducting 
potential of trilinolein was due to the fact that it contained linoleoyl chains or that it was 
a triacylglyceride, experiments with free fatty acids, monoacylglycerides, 
diacylglycerides and triacylglycerides with varying acyl chains were also tested using 
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model must fermentations. The key finding of this work was that trilinolein was the 
most consistent inducer of FAEE production, that its concentration was important and 
that having both aspects of its structure, the linoleoyl acyl chains and the 
triacylglyceride backbone, were necessary for the observed increase in FAEE 
production. 
The conclusion that exogenous acyl chains nor exogenous lipid classes are not 
equivalent in their ability to influence yeast volatile metabolism, led to the need to 
profile the range of exogenous lipids which yeast will be presented with in wine grape 
fermentations. The lipidomic profiling, presented in Chapter 5, sought to establish 
which lipids can be found in grape tissues and if they change significantly throughout 
different stages of berry development. A wide range of neutral lipids, phospholipids and 
glycolipids were identified, distinct differences in the lipid profiles between grape 
tissues and between different varieties were found and a general trend in lipid profile 
changes throughout berry development was observed. 
In future, it would be useful if the effect of the very long fatty acids and complex 
lipids containing them was investigated. The current thesis overlooked these lipids as a 
potential factor influencing the behaviour of Saccharomyces cerevisiae, despite their 
being present as a minor component in the TG 54:6 containing fraction of 
triacylglycerides isolated in Chapter 3. 
This thesis contains several pieces of work that are scientifically significant and/or 
have the potential to alter industry practices. The localisation study is unique in that it 
compares the volatile profiles of wines made with model must containing grape 
equivalent proportions or the same weight of different grape tissues. The effect on the 
concentration of FAEE in wines made with seed supplements is an interesting result as 
this is a variable that might be controlled by wine makers; either by extending contact 
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time of must with seeds, or by more thorough disruption of seed structure during 
crushing. Ebeler and co-workers have carried out experiments with varying contact 
times between the must and skins in Cabernet Sauvignon fermentations (Callejón et al., 
2012). They found that fermentations with extended skin contact did not have higher 
final concentrations of major wine volatile compounds than wines fermented with 
shortened skin contact or no skin contact, instead they were not significantly different, 
with the exception of isoamyl acetate, ethyl octanoate, 2-phenylethyl acetate and β-
damascenone, which were significantly more concentrated in fermentations with little or 
no skin contact than in fermentations with extended grape skin contact (Callejón et al., 
2012). One explanation for these results is that components of the grape skin, such as 
polyphenols, are able to suppress the production of wine volatiles by yeast, or that they 
absorb wine volatiles that do get produced. Such a mechanism could also apply to 
seeds, and could even outweigh increases in wine volatile production by yeast in 
response to some components of skins or seeds. Furthermore, altering skin and seed 
extraction could also have potential drawbacks, as the wine quality may decrease due to 
other unwanted aroma compounds or changes to colour because of compounds in the 
seeds. Nevertheless, the knowledge that grape seeds contain compounds that have the 
potential to increase FAEE production should lead to further experimentation in the 
winery to find variables that can selectively increase (or decrease if a reduction in FAEE 
is wanted) the extraction of these compounds without increasing extraction of 
deleterious seed components. The differences in some wine volatiles in these 
experiments suggests that the amino acid profiles vary between the grape tissues used in 
this study. While this has been previous reported (Stines et al., 2000, Lamikanra and 
Kassa, 1999), the results reported here suggests that the consequence of these amino 
acid changes can have a significant effect on wine volatile composition. An 
understanding of the differential regulation of amino acid accumulation in grape tissues 
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may again lead to strategies to control the biosynthesis pathways or other variables such 
as berry size or skin thickness to alter amino acid profiles and subsequently wine 
volatile composition. Alternatively, as yeast has the ability to synthesise amino acid, it 
is possible that the different tissues are able to alter the production of these compounds 
in yeast which in turn alters volatile composition of the wine. Controlled model must 
fermentation experiments which replicate the amino acid profiles found in these tissues 
would be interesting to conduct and the use of labelled amino acids would determine if 
the grape-derived amino acids are precursors of certain wine volatiles. Such 
experiments would nicely complement some of the work that has already been 
conducted in this research area (López-Rituerto et al., 2010, Hernandez-Orte et al., 
2002, Hernandez-Orte et al., 2005). 
The grape tissue fermentation experiments also confirmed that monoterpenoid 
precursors are more concentrated in grape skins than grape flesh (Gunata et al., 1985), 
but that grape flesh is equally important on account of the greater proportion of grape 
tissue that the flesh comprises (Park et al., 1991). This is often forgotten when 
statements are made about the link between berry size and potential wine quality. 
The manipulation of proportions of grape tissues during wine making has industrial 
potential for achieving wines with different volatile profiles but doing so can also 
increase the concentrations of undesirable aroma compounds and changes to mouth feel 
or colour. Targeted extraction of metabolites, particularly amino acids, lipids and 
nutrients such as biotin and thiamine from grape skins and seeds, for example by 
supercritical fluid carbon dioxide, could allow the winemaker to alter the composition 
of grape must. There may also exist a source of grape-derived supplements of these 
metabolites if the balance of these compounds not extracted during juice production or 
fermentation can be extracted from pressings, which would normally be a winery waste 
product.  
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The natural products separation work described in Chapter 3 demonstrates that 
factors in grapes that most affect aroma production by yeast during fermentation can be 
separated from each other and identified. In particular, the results from this chapter 
suggest that grape PUFA TGs have a bigger overall influence on FAEE accumulation 
than other candidates, such as the grape metabolites; biotin, thiamine and medium chain 
fatty acids which are more likely to be found in the polar fractions. The techniques and 
principles of fermentation-guided isolation in this chapter have the potential to be 
applied to identifying important grape components that may alter the concentrations of a 
wide range of wine aroma compounds. This would lead to a better understanding of 
what components of grapes should be increased or decreased to achieve the desired 
target wine aroma. 
The experiments described in Chapter 4, where lipids were supplemented into 
model musts to compare the effect of free fatty acids, monoacylglycerides, 
diacylglycerides and triacylglycerides on fermentation-derived volatiles, appear to be 
unique as no similar studies were found in the literature. Previous studies have 
demonstrated changes to FAEE concentrations in musts supplemented with either non-
grape surfactants (Varela et al., 2012), free fatty acids (Duan et al., 2015) or bulk lipid 
extract (Saerens et al., 2008b). However, the differences between the lipid classes used 
in the fermentation experiments reported in Chapter 4, suggest that acyl chains in 
different lipid classes are not interchangeable, and that they will have different impacts 
on the FAEE accumulation by yeast. This finding suggests that in the future a better 
understanding of the molecular lipid composition of grape tissues and grape musts is 
required as well as knowledge about the impact of environmental variables and 
management practices on grape lipid profiles. This could lead to grape growers and 
wineries targeting musts with specific lipid compositions in order to influence the 
volatile profile of their wine products. It would be interesting to follow the progression 
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of the fermentations conducted using the different lipid species and indeed the different 
grape tissues. In particular, measuring the changes in ethanol, residual sugar and yeast 
available nitrogen of the wines could have enabled stronger inferences about possible 
causes of volatile compound accumulation due to different growth patterns during 
fermentation. This is important as it may not simply be that the lipids or different tissues 
are providing different volatile precursors to the yeast in the fermentations, but might be 
altering metabolic activities in the yeast. If such mechanisms are proven to be occurring, 
this has the potential to be exploited in the winery to alter wine volatile profiles and 
hence wine style. 
The lipidomic profiling presented in Chapter 5 is the first to use ESI-QTOF to 
identify molecular lipid species from several classes in grape berries, including PE, PG, 
PI, PS and SQDG. While the methodology enabled the samples to be differentiated by 
the qualitative lipid profiles, quantitatively, the method seemed to be quite variable. 
Possible reasons for this are outlined in Chapter 5, but the method provides a strong 
platform which could be optimised to improve its quantitative performance. This 
assumes that the variation observed was not simply a high level of variation in lipid 
profiles amongst grape biological replicates. It would have been interesting to 
complement the LC-MS lipid profiling with a FAME-based GC-MS profiling of the 
same samples, so that the overall acyl chain composition of broad lipid classes could be 
established.  
Given that neutral lipids of different classes had a significant effect on FAEE 
metabolism in yeast, there may be consequences for yeast fermentation that arise from 
these additional phospholipid and glycolipid classes. Phosphatidylinositols are at least a 
potential source of exogenous inositol, which plays a role in suppressing FAEE 
accumulation in yeast (Furukawa et al., 2003). In grape leaves, the PC/PE ratio and the 
MGDG/DGDG ratios are important variables that determine cell membrane and plastid 
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membrane fluidity, respectively, under conditions of stress such as drought (Toumi et 
al., 2008). The ratio of SQDG to PG is an indicator of phosphorous availability in 
Arabidopsis (Essigmann et al., 1998). This chapter demonstrated that grapes contain 
molecular lipids in each of these six lipid classes, and future research may enable the 
ratios of these lipids to be measured in order to inform grape grower decisions about 
water management or fertiliser application. Furthermore, there is the potential to control 
the lipid composition of grapes by controlling factors such as water or phosphorous 
application. Changes in lipid composition can also occur in response to exposure to 
sunlight, particularly to PUFA glycolipids, and canopy management would be one tool 
grape-growers could alter with a view to changing the lipid composition of grapes 
(Pilati et al., 2014). However, the effects of exogenous grape phospholipids and 
glycolipids on yeast volatile metabolism are still to be established. 
In the future, confirmation of lipidomic changes to grape seeds and berries during 
grape development would be valuable and informative. Likewise, it would be 
interesting to analyse variation in the lipidome within a vineyard, between different 
vineyards, between regions, and between different grape varieties, as well as between 
grapes facing different states of environment and climatic stresses. 
 The work reported in this thesis has shown that some lipids are able to increase 
FAEE production by yeast, and establishing that different lipid classes may not be 
interchangeable sources of acyl chains in this process. This opens up a new area of 
experimentation for exploring more about how lipids influence fermentation products. 
A similar natural products approach in future could focus on fractionation steps that 
produced fractions containing different lipid classes, including glycolipid and 
phospholipid classes, given that previous studies have found substantial portions of 
grape tissues consist of phospholipids and glycolipids (Miele et al., 1993, Pilati et al., 
2014). Another approach would be to synthesise PUFA analogues of lipids in these two 
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classes. Suitable synthesis methodologies are published, for example, ethylene 
chlorophosphate could be reacted with a commercially purchased DG, and the product 
modified with trimethylamine to produce a PC in sufficient quantities for supplementing 
model fermentations (Menger et al., 1993).This would enable the identification of all 
the different lipid species that are able to alter FAEE concentrations during 
fermentation. More experimentation also needs to be conducted to establish the 
response of yeast to different concentrations of the various lipids, especially to find the 
thresholds at which each lipid is toxic and either associated with elevation or inhibition 
of FAEE accumulation as this will influence strategies to manipulate lipid 
concentrations in the fruit or must. It would also be interesting to assess how yeast gene 
expression and/or metabolism is altered by the presence of these grape-derived lipids, as 
this will give us an understanding of the mechanism behind the increase in FAEE.  
The work described in this thesis is a good demonstration of the potential that 
fermentation-driven natural products separation methods have for understanding how 
grape composition can affect wine volatile profiles. More specifically, it is shown that 
TGs can influence the production of some FAEE during fermentation and that specific 
acyl chains are required for this response. This finding is the first step in further 
exploring this phenomenon with the final aim to exploit this information to help 
determine wine style through management of lipids in the vineyard or the winery.
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Appendix F: Appendix F: Importing MSP files 
MSPimport<- function(x) { 
  input <- file(x, "rt") 
  msptmp <- readLines(input) 
  close(input) 
   
  sptmpnumliblines <- length(msptmp) #number of lines in the mgf 
  # Name handling 
  sptmpindexnames <- grep("^Name: ", msptmp) 
  # index of lines that contain the names of entries 
  sptmpnamestring <- msptmp[sptmpindexnames] 
  # get names 
  sptmpNameString <- gsub("Name: ", "", sptmpnamestring) 
  # clean prefixes off 
   
  sptmpnumlibspect <- length(sptmpindexnames) 
  # number of record entries 
   
  # Precursor handling 
  sptmpindexprecmz <- grep("^PRECURSORMZ: ", msptmp) 
  # index of precursor mass/charge 
  sptmpPrecstring <- msptmp[sptmpindexprecmz] 
  # get precursor strings 
  sptmpPrecString <- gsub("PRECURSORMZ: ", "", sptmpPrecstring) 
  # get rid of prefix 
  sptmpPrecnum <- as.numeric(sptmpPrecString) 
  # change type to numeric 
   
  # Comment handling 
  sptmpindexComment <- grep("^Comments: |^Comment: ", msptmp) 
  # index of comments on record 
  sptmpcomments <- msptmp[sptmpindexComment] 
  # get comments 
  sptmpComments <- gsub("Comments: |Comment: ", "", sptmpcomments) 
  # cleaning comments 
   
  # MW handling, is this meant to be exact? 
  sptmpindexMW <- grep("^MW: ", msptmp) 
  # index of molecular weight 
  sptmpmw <- msptmp[sptmpindexMW] 
  # get MWs 
  sptmpMw <- gsub("MW: ", "", sptmpmw) 
  # clean off prefixes 
  sptmpMwnum <- as.numeric(sptmpMw) 
  # change to numeric 
   
  # Don't currently know how will handle if mixture of does and doesn't 
  # have CAS, Formula, Synonym 
  sptmpindexCAS <- grep("^CAS: ", msptmp) 
  # index of CAS 
  sptmpindexForm <- grep("^Formula: ", msptmp) 
  # index of formulae 
  sptmpindexSyn <- grep("^Synonym: ", msptmp) 
  # index of synonyms 
   
  sptmpindexblank <- which(msptmp == "") 
  # index of blank lines THIS IS USED TO WORK OUT WHERE FRAGMENT LINES 
  # WILL END 
  sptmpindexNumPeak <- grep("^Num Peaks: ", msptmp) 
  # index of 'Num Peaks: ' THIS IS USED TO WORK OUT WHERE FRAGMENT LINES 
  # WILL START 
  sptmplistofbetweens <- mapply(c, sptmpindexNumPeak + 1, sptmpindexblank -  
    1, SIMPLIFY = FALSE, USE.NAMES = FALSE) 
  # list of pairs between which the fragments will be 
  sptmpfirstnumber <- sapply(sptmplistofbetweens, "[[", 1) 
  # getting index of lines before fragments start 
  sptmpsecondnumber <- sapply(sptmplistofbetweens, "[[", 2) 
  # getting index of lines after fragments end 
  sptmptrylist <- mapply(seq, from = sptmpfirstnumber, to = sptmpsecondnumber) 
  # getting index of fragments 
  sptmptryspectracall <- msptmp[unlist(sptmptrylist)] 
  # pulling out lines that correspond to fragments 
  sptmpsplitstringspectra <- strsplit(sptmptryspectracall, " ") 
  # splitting the strings 
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  sptmpfragmentions <- sapply(sptmpsplitstringspectra, "[[", 1) 
  # gathering the string for fragment 
  sptmpintensities <- sapply(sptmpsplitstringspectra, "[[", 2) 
  # gathering the string for intensities 
  sptmpannotations <- sapply(sptmpsplitstringspectra, "[[", 3) 
  # gathering the string for annotations 
  sptmpfragmentionsnum <- unname(sapply(sptmpfragmentions, as.numeric)) 
  # reshaping strings for peaks as numbers 
  sptmpintensitiesnum <- unname(sapply(sptmpintensities, as.numeric)) 
  # reshaping strings for peaks as numbers 
  sptmpindexofpeaknum <- sptmpindexblank - sptmpindexNumPeak - 1 
  # how many fragments each record has 
   
  sptmpchunkirreg <- split(sptmpfragmentionsnum, rep.int(1:length(sptmpindexofpeaknum),  
    sptmpindexofpeaknum)) 
  # splits the fragments into the record they belong to 
   
  sptmpchunkirregint <- split(sptmpintensitiesnum, rep.int(1:length(sptmpindexofpeaknum),  
    sptmpindexofpeaknum)) 
  # splits the intensities into the record they belong to 
   
  sptmpchunkirregann <- split(sptmpannotations, rep.int(1:length(sptmpindexofpeaknum),  
    sptmpindexofpeaknum)) 
  # splits the annotations into the record they belong to 
   
  sptmpmaxint <- sapply(seq_along(sptmpchunkirregint), function(x) max(sptmpchunkirregint[[x]])) 
  # gets the total ion intensity for each entry 
  sptmpsumint <- sapply(seq_along(sptmpchunkirregint), function(x) sum(sptmpchunkirregint[[x]])) 
  # gets the total ion intensity for each entry 
  sptmprepmax <- rep.int(sptmpmaxint, sptmpindexofpeaknum) 
  # get vector of base peak intensities to norm int 
  sptmprepsum <- rep.int(sptmpsumint, sptmpindexofpeaknum) 
  # get vector of sums of peak intensities to norm in 
  sptmpbasenormint <- 999 * sptmpintensitiesnum/sptmprepmax 
  # normalise based on int of base peak 
  sptmpsumnormint <- sptmpintensitiesnum/sptmprepsum 
  # normalise based on sum of intensities in record 
  sptmplitmspbasenorm <- split(sptmpbasenormint, rep.int(1:length(sptmpindexofpeaknum),  
    sptmpindexofpeaknum)) 
  # split base norm int based on which record they came from 
  sptmplitmspsumnorm <- split(sptmpsumnormint, rep.int(1:length(sptmpindexofpeaknum),  
    sptmpindexofpeaknum)) 
  # split sum norm int based on which record they came from produces the 
  # MSP object that will be used for data analysis, isn't too big, 2MB at 
  # 2015/10/15 
  return(list(LibIDNum = 1:sptmpnumlibspect, PrecursorMz = sptmpPrecnum,  
    Name = sptmpNameString, Comments = sptmpComments, Totalfrag = sptmpindexofpeaknum,  
    FragmentMz = sptmpchunkirreg, LibInt = sptmpchunkirregint, BNormInt = sptmplitmspbasenorm,  
    ANormInt = sptmplitmspsumnorm, FragAnnotations = sptmpchunkirregann)) 
  rm(list(ls(pattern = "tmp"))) 
  # examples of accessing one variable: MSP$PrecursorMz[1:10] #gives 
  # first ten precursorM/zs 
} 
 
Appendix G: Importing MGF 
 
MGFimport<-function(y) { 
   
  input <- file(y, "r") 
  mgftest <- readLines(input) 
  # mgfs are apparently much bigger than msp (5.4 mb object for this one, 
  # raw file is 2.7 kb) 
  close(input) 
  numliblines <- length(mgftest) 
  IDlines <- 1:numliblines 
   
  # get titles, titles used for index of peaks 
  indextitles <- grep("^TITLE=", mgftest) 
  titles <- mgftest[indextitles] 
  Titles <- gsub("TITLE=", "", titles) 
  numtitlelines <- length(indextitles) 
  Titles <- as.character(Titles) 
  IDquery <- 1:numtitlelines 
   
  # get RTINSECONDS data 
  indexrt <- grep("^RTINSECONDS=", mgftest) 
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  rt <- mgftest[indextitles] 
  Rt <- gsub("RTINSECONDS", "", rt) 
  RTnum <- as.numeric(Rt) 
   
  # get PEPMASSes ----- Later versions could split PEPMASS if it contains 
  # intensity data as well... 
  indexPEPMASS <- grep("^PEPMASS=", mgftest) 
  pepmass <- mgftest[indexPEPMASS] 
  PEPMASSs <- gsub("PEPMASS=", "", pepmass) 
  PEPMASSnumber <- as.numeric(PEPMASSs) 
   
  # get CHARGEs 
  indexCharge <- grep("^CHARGE=", mgftest) 
  charge <- mgftest[indexCharge] 
  Charge <- gsub("CHARGE=", "", charge) 
  Charge <- as.character(Charge) 
   
   
  # find lines that begin with alpha 
  indexnumberstart <- grep("^[0-9]", mgftest) 
  # find lines that begin with numeral 
  indexcharacterstart <- grep("^[A-Z]", mgftest) 
  # find lines that both start with alpha and are followed by a line 
  # starting with a numeral 
  indextextplus <- indexcharacterstart + 1 
  # get the lines before ions starting 
  indextry <- indexcharacterstart[which(indextextplus %in% indexnumberstart)] 
   
  # get END IONS 
  indexENDIONS <- grep("^END IONS", mgftest) 
   
  # get number of fragments 
  numions <- indexENDIONS - indextry - 1 
   
  # index of first fragments 
  firstnumber <- indextry + 1 
  # index of last fragments 
  secondnumber <- indexENDIONS - 1 
   
  # gets index of fragments 
  listofbetweens <- mapply(seq, firstnumber, secondnumber, SIMPLIFY = FALSE,  
               USE.NAMES = FALSE) 
   
  # get spectra 
  spectra <- mgftest[unlist(listofbetweens)] 
  splitstringspectra <- strsplit(spectra, " ") 
   
   
  fragmentions <- sapply(splitstringspectra, "[[", 1) 
  # gathering the string for fragment 
  intensities <- sapply(splitstringspectra, "[[", 2) 
  # gathering the string for intensities 
  NAvec <- vector(mode = "character", length = length(intensities)) 
  # made a vector with a blank character element for each ion 
   
  # converting to numeric and unnaming 
  fragmentionsnum <- unname(sapply(fragmentions, as.numeric)) 
  intensitiesnum <- unname(sapply(intensities, as.numeric)) 
   
  # split into vectors based 
  chunkirreg <- split(fragmentionsnum, rep.int(1:length(numions), numions)) 
  chunkirregint <- split(intensitiesnum, rep.int(1:length(numions), numions)) 
  NAirreg <- split(NAvec, rep.int(1:length(numions), numions)) 
   
  maxint <- sapply(seq_along(chunkirregint), function(x) max(chunkirregint[[x]])) 
   
  sumint <- sapply(seq_along(chunkirregint), function(x) sum(chunkirregint[[x]])) 
   
  repmax <- rep.int(maxint, numions) 
  # get vector of base peak intensities to norm int 
  repsum <- rep.int(sumint, numions) 
   
  basenormint <- 999 * intensitiesnum/repmax 
   
  sumnormint <- intensitiesnum/repsum 
   
  splitbasenorm <- split(basenormint, rep.int(1:length(numions), numions)) 
  splitsumnorm <- split(sumnormint, rep.int(1:length(numions), numions)) 
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  mgflist <- list() 
 
  #----------This section doesn’t function, is left out--------- 
  ## ---- would like this section to make lists of the variables contained 
  ## in the titles take the first list of title strings title1 <- 
  ## Titles[1] title3 <- unlist(strsplit(title1, split = ', ')) find names 
  ## of lists, title4 <- gsub('(.*):.*', '\\1', title3) number of 
  ## variables that the titles contain numbertitle <- length(title4) 
  Titles <- unlist(Titles) 
  # titleswithprefixesremoved <- gsub('.*: (.)', '\\1', Titles) 
  # ------------------------------------------------------------------ 
   
  # making a list object MGF, ends up being 4.6 mb, slightly smaller than 
  # the read mgf text 
  mgflist <- return(list(QueryIDNum = IDquery, PrecursorMz = PEPMASSnumber,  
              Charge = Charge, RT = RTnum, Fragments = numions, Fragmentmz = chunkirreg,  
              Fragmentint = chunkirregint, Basenormalint = splitbasenorm, Sumnormalint = splitsumnorm,  
              Annotations = NAirreg, SpectralTitle = Titles)) 
   
} 
 
Appendix H: The report function 
 
report<-function(query = MGFQ, lib = MSPL, outname = name, outfolder = getwd(),  
  uni = c("ppm", "Da"), preTol = 0.01, fragTol = 0.01, scoreTol = 900,  
  intweight = 0.6, mzweight = 3, rankweight = 0, scoring = c("Dotp",  
    "Revdotp"), truncat = 0, maxcand = 10) { 
  matchindicies <- outerprec(query, lib, uni, preTol) 
  # creating list that will be used to store results 
  results <- list(SpectraTitle = query$SpectralTitle[matchindicies[,  
    1]], Precursor = query$PrecursorMz[matchindicies[, 1]], Candidate = lib$Name[matchindicies[,  
    2]], Comments = lib$Comments[matchindicies[, 2]]) 
  # finding delta of precursor mass between query spectrum and candidate 
  # match 
  delta <- deltadiff(query$PrecursorMz[matchindicies[, 1]], lib$PrecursorMz[matchindicies[,  
    2]], uni) 
   
  results <- listappend(results, Delta = delta) 
   
  if (any("Revdotp" %in% scoring)) { 
    revdotproduct <- mapply(function(x, y, query, lib, uni, fragTol,  
      intweight, mzweight, rankweight) revdotprod(x, y, query, lib,  
      uni, fragTol, intweight, mzweight, rankweight), unlist(matchindicies[,  
      1]), unlist(matchindicies[, 2]), MoreArgs = list(query = query,  
      lib = lib, uni = uni, fragTol = fragTol, intweight = intweight,  
      mzweight = mzweight, rankweight = rankweight)) 
    results <- listappend(results, Rev_dot_product = revdotproduct) 
  } 
   
  if (any("Dotp" %in% scoring)) { 
    dotproduct <- mapply(function(x, y, query, lib, uni, fragTol, intweight,  
      mzweight, rankweight) dotprod(x, y, query, lib, uni, fragTol,  
      intweight, mzweight, rankweight), unlist(matchindicies[, 1]),  
      unlist(matchindicies[, 2]), MoreArgs = list(query = query,  
        lib = lib, uni = uni, fragTol = fragTol, intweight = intweight,  
        mzweight = mzweight, rankweight = rankweight)) 
    results <- listappend(results, Dot_product = dotproduct) 
  } 
  # something is wrong with revdotproduct (missed a bracket) #is not 
  # adding onto list I can't work out why Rev dot prods are so low, 
  # expected scores in the 90s use of mapply has made functions work how 
  # they were supposed to! 
   
   
  annotatedquery <- mapply(function(z, y, query, lib, uni, fragTol) annotate(z,  
    y, query, lib, uni, fragTol), unlist(matchindicies[, 1]), unlist(matchindicies[,  
    2]), MoreArgs = list(query = query, lib = lib, uni = uni, fragTol = fragTol)) 
  results <- listappend(results, Annotations = annotatedquery) 
   
  if (truncat != 0) { 
    n <- truncat 
    results$Annotations <- sub(sprintf("^((?:[^;]*;){%d}).*", n), "\\1 Truncated...",  
      results$Annotations) 
  } 
  results 
  dfnames <- names(sapply(results, names)) 
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  results 
  dataframeresults <- do.call(cbind, lapply(results, data.frame, stringsAsFactors = FALSE)) 
  colnames(dataframeresults) <- dfnames 
  # removes rows with a rev dot column value of less than the scoreTol 
  # (which will need to be defined in the functions) 
  dataframeresults <- dataframeresults[!(dataframeresults$Rev_dot_product <=  
    scoreTol), ] 
   
  # if using column names then: dd[with(dd, order(-z, b)), ] 
  dataframeresults <- dataframeresults[with(dataframeresults, order(SpectraTitle,  
    -Rev_dot_product)), ] 
  dataframeresults <- transform(dataframeresults, rank = ave(dataframeresults$Rev_dot_product,  
    dataframeresults$SpectraTitle, FUN = function(x) rank(-x, ties.method = "first"))) 
  dataframeresults <- dataframeresults[c("rank", dfnames)] 
  if (maxcand != 0) { 
    dataframeresults <- dataframeresults[!(dataframeresults$rank >  
      maxcand), ] 
  } 
  dataframeresults 
  outfile <- paste0(outfolder, outname, ".tsv") 
  out <- file(outfile, "w") 
  write.table(dataframeresults, file = out, append = FALSE, quote = FALSE,  
    sep = "\t", eol = "\n", na = "NA", dec = ".", row.names = FALSE,  
    col.names = TRUE, qmethod = "escape") 
  close(out) 
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Appendix I: Iterative report function 
 
reportMeta<-function(infolder="temp", lib="lib", outfolder="temp2", uni, preTol,  
           fragTol, scoreTol, intweight, mzweight, rankweight,  
           scoring, truncat, maxcand){ 
  infolder<-paste0(dirname(infolder), "/") 
  outfolder<-paste0(dirname(outfolder), "/") 
  fullfilenames<-dir(infolder, pattern="*.mgf$|*.MGF$", full.names=TRUE) 
  fileindex<-1:length(fullfilenames) 
   
  msptest<-MSPimport(lib) 
   
  MakeReport<-function(y, infolder, outfolder, msptest, uni, preTol,  
             fragTol, scoreTol, intweight, mzweight, rankweight,  
             scoring, truncat, maxcand){ 
     
    fullfilenames<-dir(infolder, pattern="*.mgf$|*.MGF$", full.names=TRUE) 
    shortfilenames<-dir(infolder, pattern="*.mgf$|*.MGF$", full.names=FALSE) 
    filenameprefix<-gsub(".mgf$|.MGF$", "", shortfilenames) 
     
    mgftest<-MGFimport(fullfilenames[y]) 
     
    report(mgftest, msptest, outname=filenameprefix[y], outfolder, uni, preTol,  
        fragTol, scoreTol, intweight, mzweight, rankweight,  
        scoring, truncat, maxcand)  
  } 
  lapply(fileindex, function(y) MakeReport(y, infolder, outfolder, msptest, uni, preTol,  
                       fragTol, scoreTol, intweight, mzweight, rankweight,  
                       scoring, truncat, maxcand)) 
} 
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Appendix J: Example MGF format 
BEGIN IONS 
PEPMASS=844.689696032924 
CHARGE=1+ 
TITLE=File: Data3 4F1 10 wpf CS Seed Rep3.wiff, Sample: Sample003 4F1 10 wpf CS Seed Rep3 (sample 
number 1), Elu… 283.2238 0.0095 
393.0356 0.056 
547.4728 0.2511 
573.4854 0.1082 
573.5038 0.0271 
599.4949 0.0138 
632.9956 0.0426 
682.6408 0.0148 
826.7411 0.0162 
END IONS 
Currently import of MGF includes a vestigial slot for precursor intensity that is 
not used, but it should be noted that an error about “NA” coercion will be received 
for each MGF file analysed. This error can be ignored.  
MGF import relies on the lines containing “TITLE” and “END IONS” as book 
ends to the list of fragments and intensities. 
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Appendix K: Example MSP entry 
 
Name: SQDG 36:5; [M+NH4]+; SQDG(18:2-18:3) 
MW: 858.53957 
PRECURSORMZ: 858.53957 
Comment: Parent=858.53957 Mz_exact=858.53957 
Num Peaks: 20 
841.51302 1 "[M+NH4]-NH3" 
597.48773 999 "[M+NH4]-NH3-C6H12O8S_(sulfoquinovose)" 
614.51428 1 "[M+NH4]-C6H12O8S_(sulfoquinovose)" 
632.52484 30 "[M+NH4]-C6H12O8S_(sulfoquinovose)+H2O" 
615.49829 120 "[M+NH4]-NH3-C6H12O8S_(sulfoquinovose)+H2O" 
823.50246 10 "[M+NH4]-NH3-H2O" 
299.23763 1 "[M+NH4]-NH3-C6H12O8S_(sulfoquinovose)-18:2+H2O" 
301.25327 1 "[M+NH4]-NH3-C6H12O8S_(sulfoquinovose)-18:3+H2O" 
578.30003 1 "[M+NH4]-18:2" 
580.31567 1 "[M+NH4]-18:3" 
561.27348 250 "[M+NH4]-NH3-18:2" 
563.28912 250 "[M+NH4]-NH3-18:3" 
263.23734 20 "[18:2_acylium]+" 
261.2217 20 "[18:3_acylium]+" 
245.22678 5 "[18:2_acylium-]+" 
243.21114 5 "[18:3_acylium-H2O]+" 
337.27412 450 "[18:2_acylium+C3H6O2]+" 
335.25848 450 "[18:3_acylium+C3H6O2]+" 
319.26356 1 "[18:2_acylium+C3H6O2-H2O]+" 
317.24792 1 "[18:3_acylium+C3H6O2-H2O]+"  
 
Double quotes are not necessary for the R code in this appendix, but are necessary for compatibility with 
MSPEPSEARCH. Replacing spaces with “_” is necessary. Both double quotes and underscores can be substituted 
from the output with Find and Replace.  
The MSPimport function relies on the line containing “Num Peaks:” and the blank line at the end of the entry 
but before the next entry for import to work. 
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Appendix L: Example use of function 
The following code takes the input of the path (infolder) of one of the mgf files 
in a folder, then for each mgf in that folder, analyses it against the the MSP at 
another file path (lib), and exports tab-separated files (.tsv) in the same folder as 
another defined file path (outfolder). The settings of this example filter precursors to 
10 ppm, analyse fragments for matches in 10 ppm, calculates the dot product and 
reverse dot product of the vectors of weighted intensity (in this case giving equal 
weight to m/z value, intensity, and rank), then deleting results that have a reverse dot 
product less than 800 (scoreTol, is out of 999), omitting no fragment peaks in the 
annotation (truncat=0), and only reporting the three candidates that had the highest 
reverse dot product (maxcand=3, can report all precursor candidates with 
maxcand=0). It is important to note that the file paths need to be contained in double 
quotes, and that all slashes in the file path need to be replaced with back slashes (/). 
It is also necessary that the “units” parameter, and each of the scoring parameters, be 
contained in double quotes. The option of having both scoring parameters has to be 
done with a list of the parameters contained in a concatenated list (the “c(”Dotp”, 
“Revdotp”)). 
reportMeta(infolder = "C:/Users/bla35s/Documents/Lipidomics/test mgfs done/D~~Analyst 
Data~Projects~Metabolomics~Data~Chris_lipid~20140808 Tissues and Development~Data8 2K1 12 wpf CS Seed 
Rep1.wiff.-1.mgf", lib = "C:/Users/bla35s/Documents/Lipidomics/MSPs/2016 SQDGN.msp", outfolder = 
"C:/Users/bla35s/Documents/Lipidomics/testfolder/csvtest.csv", uni = "ppm", preTol = 10, fragTol = 10, scoring = 
c("Dotp", "Revdotp"), intweight = 1, mzweight = 1, rankweight = 1, scoreTol = 800, truncat = 0, maxcand = 3) 
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Appendix M: Table of annotations of MS/MS spectra 
Index Lipid class,  
Brutto Species, 
Adduct and 
major Molecular 
Species 
ppm RT 
(min) 
Annotations 
 DG    
1 DG 34:2 [M-
H2O+H]+ 
DG(16:0-18:2-
0:0) 
0.3 12.59 263.2362 (999) [18:2 acylium]+; 239.2364 (934) [16:0 
acylium]+; 313.2738 (592) [16:0 acylium+C3H6O2]+; 95.0858 
(575); 81.0709 (506); 123.1166 (489); 502.4613 (461); 
109.1015 (432); 319.2629 (428) [18:2 acylium+C3H6O2-
H2O]+; 67.0554 (284); 245.2259 (273) [18:2 acylium-H2O]+; 
Truncated... 
2 DG 34:3 [M-
H2O+H]+ 
DG(16:0-18:3-
0:0) 
0.2 11.734 317.2477 (999) [18:3 acylium+C3H6O2-H2O]+; 261.2216 
(813) [18:3 acylium]+; 239.2371 (704) [16:0 acylium]+; 
500.4447 (702); 313.2741 (641) [16:0 acylium+C3H6O2]+; 
135.1168 (338); 123.1165 (330); 121.1011 (329); 95.0859 
(319); 243.2105 (251) [18:3 acylium-H2O]+; Truncated... 
3 DG 36:2 [M-
H2O+H]+ 
DG(18:0-18:2-
0:0) 
1.4 13.572 263.2367 (999) [18:2 acylium]+; 267.268 (762) [18:0 
acylium]+; 341.3039 (678) [18:0 acylium+C3H6O2]+; 95.0857 
(559); 123.1164 (482); 319.2632 (427) [18:2 
acylium+C3H6O2-H2O]+; 81.0703 (417); 109.101 (371); 
137.1323 (292); 245.2265 (289) [18:2 acylium-H2O]+; 
Truncated... 
4 DG 36:3 [M-
H2O+H]+ 
DG(18:1-18:2-
0:0) 
3.2 12.622 265.252 (999) [18:1 acylium]+; 263.2363 (812) [18:2 
acylium]+; 339.2884 (605) [18:1 acylium+C3H6O2]+; 
319.2618 (409) [18:2 acylium+C3H6O2-H2O]+; 135.1166 
(407); 121.1011 (382); 95.086 (374); 81.0709 (339); 
247.2413 (323) [18:1 acylium-H2O]+; 149.1324 (300); 
123.1164 (290); 109.101 (274); 245.2254 (257) [18:2 
acylium-H2O]+; Truncated... 
5 DG 36:4 [M-
H2O+H]+ 
DG(18:2-18:2-
0:0) 
2.0 22.184 263.2357 (999) [18:2 acylium]+; 319.2613 (361) [18:2 
acylium+C3H6O2-H2O]+; 245.2255 (342) [18:2 acylium-
H2O]+; 337.2714 (306) [18:2 acylium+C3H6O2]+; Truncated… 
6 DG 36:5 [M-
H2O+H]+ 
DG(18:2-18:3-
0:0) 
0.7 11.024 261.2217 (999) [18:3 acylium]+; 317.2479 (978) [18:3 
acylium+C3H6O2-H2O]+; 263.2375 (819) [18:2 acylium]+; 
121.1014 (677); 95.086 (614); 135.117 (610); 580.3769 
(486); 337.274 (483) [18:2 acylium+C3H6O2]+; 81.0711 
(478); 133.1011 (441); 161.1325 (396); 149.1324 (395); 
109.1016 (362); 335.2589 (354) [18:3 acylium+C3H6O2]+; 
Truncated... 
7 DG 36:6 [M-
H2O+H]+ 
DG(18:3-18:3-
0:0) 
6.4 10.02 261.2209 (999) [18:3 acylium]+; 317.2467 (693) [18:3 
acylium+C3H6O2-H2O]+; 534.4033 (370); 147.1162 (278); 
121.0998 (252); 93.0706 (243); 145.1003 (220); 398.3835 
(183); 119.0845 (175); Truncated… 
8 DG 38:2 [M-
H2O+H]+ 
DG(18:2-20:0-
0:0) 
1.6 15.547 263.2358 (999) [18:2 acylium]+; 369.3345 (986) [20:0 
acylium+C3H6O2]+; 319.2641 (550) [18:2 acylium+C3H6O2-
H2O]+; 123.1165 (546); 558.5183 (534); 245.2255 (450) 
[18:2 acylium-H2O]+; 95.0862 (400); 151.1461 (328); 
175.1472 (326); 505.4976 (323); 295.301 (318) [20:0 
acylium]+; Truncated... 
9 DG 38:3 [M-
H2O+H]+ 
DG(18:2-20:1-
0:0) 
3.0 13.96 
 
293.2834 (999) [20:1 acylium]+; 263.2377 (641) [18:2 
acylium]+; 319.2643 (538) [18:2 acylium+C3H6O2-H2O]+; 
556.5068 (533); 367.321 (505) [20:1 acylium+C3H6O2]+; 
95.0863 (495); 81.0702 (441); 275.2722 (437) [20:1 
acylium-H2O]+; Truncated… 
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10 DG 38:4 
[M+NH4]+ 
DG(18:2-20:2-
0:0) 
3.6 
 
14.02 
 
627.5748 (999) [M+NH4]-NH3-H2O; 195.0328 (875); 
337.275 (418) [18:2 acylium+C3H6O2]+; 510.4589 (386); 
136.0614 (332); 313.269 (302); 217.0163 (252); 325.2059 
(206); 269.2529 (186); 599.4914 (139); Truncated... 
 
11 DG 40:2 [M-
H2O+H]+ 
DG(18:2-22:0-
0:0) 
1.5 17.051 263.2372 (999) [18:2 acylium]+; 397.3678 (994) [22:0 
acylium+C3H6O2]+; 319.2633 (504) [18:2 acylium+C3H6O2-
H2O]+; 323.3318 (416) [22:0 acylium]+; 245.2268 (340) [18:2 
acylium-H2O]+; 95.086 (334); 123.1166 (292); 81.0708 
(268); 109.1013 (250); 137.1322 (205); 71.0873 (157); 
135.1165 (140); 175.1486 (135); 163.1483 (134); 85.1024 
(131); 305.3198 (131) [22:0 acylium-H2O]+; Truncated... 
12 DG 40:3 [M-
H2O+H]+ 
DG(18:3-22:0-
0:0) 
5.3 
 
16.02 
 
317.2464 (999) [18:3 acylium+C3H6O2-H2O]+; 261.2212 
(757) [18:3 acylium]+; 639.6146 (616); 397.3656 (612) [22:0 
acylium+C3H6O2]+; 510.4579 (311); 524.4759 (267); 
243.2091 (231) [18:3 acylium-H2O]+; Truncated… 
 
13 DG 42:2 [M-
H2O+H]+ 
DG(18:2-24:0-
0:0) 
1.1 18.954 263.2368 (999) [18:2 acylium]+; 425.399 (861) [24:0 
acylium+C3H6O2]+; 319.2634 (540) [18:2 acylium+C3H6O2-
H2O]+; 95.0853 (395); 589.4789 (385); 109.1012 (286); 
245.2273 (282) [18:2 acylium-H2O]+; 123.1168 (256); 
137.1324 (228); 351.3646 (189) [24:0 acylium]+; 
Truncated... 
 TG    
14 TG 40:0 
[M+NH4]+ 
TG(12:0-12:0-
16:0) 
0.8 21.178 439.3782 (999) [M+NH4]-NH3-16:0; 495.4411 (850) 
[M+NH4]-NH3-12:0; 467.4098 (812); 411.3476 (387); 
523.4716 (354); 551.5038 (209); 579.5354 (208); 677.6452 
(147) [M+NH4]-NH3-H2O; Truncated… 
15 TG 42:0 
[M+NH4]+ 
TG(12:0-14:0-
16:0) 
0.0 21.954 495.4403 (999) [M+NH4]-NH3-14:0; 467.409 (698) [M+NH4]-
NH3-16:0; 523.4716 (530) [M+NH4]-NH3-12:0; 481.4253 
(305); 509.4559 (243); 551.5031 (202); 439.3776 (178); 
579.5342 (63); 722.7026 (41); 467.3777 (40); 453.393 (26); 
537.4866 (26); 607.5644 (18); 211.2058 (14) [14:0 
acylium+C3H6O2]+; Truncated... 
16 TG 42:1 
[M+NH4]+ 
TG(12:0-14:0-
16:1) 
0.8 21.736 493.4255 (999) [M+NH4]-NH3-14:0; 467.4098 (705) 
[M+NH4]-NH3-16:1; 495.4403 (649); 521.4574 (590) 
[M+NH4]-NH3-12:0; 720.7217 (435); 465.395 (381); 439.378 
(342); 577.5199 (201); 481.4247 (185); 549.4864 (165); 
703.5528 (120); 479.4099 (110); 507.4398 (110); 605.5492 
(108); 523.473 (74); 437.3625 (72); 702.7089 (43); 
285.2431 (42); 703.6585 (36) [M+NH4]-NH3-H2O; 
Truncated... 
17 TG 42:2 
[M+NH4]+ 
TG(12:0-14:1-
16:1) 
2.0 21.36 493.4246 (999) [M+NH4]-NH3-14:1; 465.393 (787) [M+NH4]-
NH3-16:1; 437.3624 (525); 491.4107 (339); 519.4401 (279) 
[M+NH4]-NH3-12:0; 480.4399 (278); 521.4566 (260); 
603.5326 (248); 508.4726 (179); 479.409 (151); 463.3776 
(137); 575.5034 (131); 439.379 (118); 718.7017 (101); 
549.4862 (88); 719.6305 (81) [M+NH4]-NH3; Truncated... 
18 TG 44:1 
[M+NH4]+ 
TG(12:0-16:1-
16:0) 
1.1 21.923 495.4399 (999) [M+NH4]-NH3-16:1; 521.4557 (940); 
493.4243 (436) [M+NH4]-NH3-16:0; 523.4712 (416); 
549.4865 (283) [M+NH4]-NH3-12:0; 507.4399 (241); 
509.4552 (184); 467.4089 (152); 535.4713 (148); 577.5173 
(63); 481.4238 (58); 749.6216 (52); 285.242 (47); 748.7531 
(31); 151.0751 (31); 551.5029 (30); 237.2207 (20) [16:1 
acylium+C3H6O2]+; Truncated... 
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19 TG 46:0 
[M+NH4]+ 
TG(12:0-16:0-
18:0) 
9.8 23.04 523.4738 (999) [M+NH4]-NH3-16:0; 551.5046 (547); 
537.4888 (430); 509.4579 (105); 495.4414 (64) [M+NH4]-
NH3-18:0; 565.5204 (36); 579.5353 (29) [M+NH4]-NH3-12:0; 
603.0314 (28); 525.4784 (19); 524.4745 (17); 522.4601 
(13); 550.4898 (13); 239.2369 (10) [16:0 acylium+C3H6O2]+; 
Truncated... 
20 TG 46:1 
[M+NH4]+ 
TG(14:0-16:0-
16:1) 
1.0 23.025 523.4728 (999) [M+NH4]-NH3-16:1; 521.4572 (663) 
[M+NH4]-NH3-16:0; 549.4885 (629) [M+NH4]-NH3-14:0; 
535.4726 (225); 551.5038 (159); 495.4409 (133); 537.4888 
(112); 509.4568 (66); 577.5196 (49); 507.4404 (32); 
313.2737 (32); 563.5034 (26); 285.2429 (24); 237.2212 (17) 
[16:1 acylium+C3H6O2]+; Truncated... 
21 TG 46:2 
[M+NH4]+ 
TG(12:0-18:1-
16:1) 
3.8 22.003 521.4566 (999) [M+NH4]-NH3-16:1; 549.4874 (278); 
547.4721 (251); 519.4405 (139); 535.4719 (134); 493.424 
(74) [M+NH4]-NH3-18:1; 533.4561 (53); 507.4398 (43); 
575.503 (35) [M+NH4]-NH3-12:0; 495.4405 (34); 285.2424 
(33); 311.258 (25); 237.2211 (22) [16:1 acylium+C3H6O2]+; 
Truncated... 
22 TG 46:3 
[M+NH4]+ 
TG(14:1-16:1-
16:1) 
7.0 22.247 519.4405 (999) [M+NH4]-NH3-16:1; 547.4715 (526) 
[M+NH4]-NH3-14:1; 773.8065 (179); 533.4565 (128); 
493.4248 (75); 311.2585 (74); 521.4554 (70); 491.4087 
(51); 283.2266 (40); 545.4564 (39); 773.6667 (30) [M+NH4]-
NH3; 575.5041 (27); 534.4883 (27); 573.4891 (26); 
505.4252 (22); 237.2219 (18) [16:1 acylium+C3H6O2]+; 
Truncated... 
23 TG 48:0 
[M+NH4]+ 
TG(14:0-16:0-
18:0) 
8.3 23.237 551.5028 (999) [M+NH4]-NH3-16:0; 537.4869 (133); 
565.5177 (129); 523.4712 (105) [M+NH4]-NH3-18:0; 
579.5334 (95) [M+NH4]-NH3-14:0; 239.2367 (10) [16:0 
acylium+C3H6O2]+; Truncated... 
24 TG 48:1 
[M+NH4]+ 
TG(14:0-16:0-
18:1) 
1.7 22.816 549.4878 (999) [M+NH4]-NH3-16:0; 551.5033 (874); 
523.472 (293) [M+NH4]-NH3-18:1; 577.5189 (256) [M+NH4]-
NH3-14:0; 563.5031 (203); 537.4875 (119); 535.4719 (107); 
521.4565 (51); 565.5179 (48); 313.2747 (44); 579.5339 
(26); 805.7254 (15); 237.2215 (15); 239.2374 (12) [16:0 
acylium+C3H6O2]+; Truncated... 
25 TG 48:2 
[M+NH4]+ 
TG(14:0-16:1-
18:1) 
8.7 22.148 549.4878 (999) [M+NH4]-NH3-16:1; 547.4722 (267); 
521.4563 (214) [M+NH4]-NH3-18:1; 575.5029 (160) 
[M+NH4]-NH3-14:0; 577.5176 (99); 535.4721 (80); 563.5031 
(69); 523.4711 (67); 561.4877 (52); 626.9953 (45); 
313.2742 (35); 548.4739 (31); 311.2577 (20); 803.7094 
(19); 237.2213 (18) [16:1 acylium+C3H6O2]+; Truncated... 
26 TG 48:3 
[M+NH4]+ 
TG(14:1-16:1-
18:1) 
3.1 22.569 547.4722 (999) [M+NH4]-NH3-16:1; 575.5036 (148) 
[M+NH4]-NH3-14:1; 521.4561 (116); 519.4408 (91) 
[M+NH4]-NH3-18:1; 311.2584 (68); 561.4868 (62); 573.486 
(42); 533.4561 (42); 549.4867 (35); 545.4571 (29); 
801.6974 (26) [M+NH4]-NH3; 237.221 (24) [16:1 
acylium+C3H6O2]+; Truncated... 
27 TG 49:0 
[M+NH4]+ 
TG(16:0-16:0-
17:0) 
1.7 24.098 565.5181 (999) [M+NH4]-NH3-16:0; 551.5025 (535) 
[M+NH4]-NH3-17:0; 579.534 (226); 537.4865 (226); 593.549 
(67); 626.9951 (47); 523.4707 (23); 509.4557 (13); 
821.0227 (11); 239.2358 (8) [16:0 acylium+C3H6O2]+; 
Truncated… 
28 TG 49:1 
[M+NH4]+ 
TG(16:0-16:1-
17:0) 
2.6 22.888 563.502 (999) [M+NH4]-NH3-16:0; 565.5171 (689) [M+NH4]-
NH3-16:1; 537.4867 (659); 577.5174 (559); 549.4865 (505) 
[M+NH4]-NH3-17:0; 551.5018 (272); 591.5335 (147); 
535.4709 (97); 579.5325 (47); 313.2731 (26); 819.739 (26); 
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523.4703 (22); 564.5056 (20); 327.2892 (17); 605.5468 
(16); 593.5483 (12); 237.2213 (12) [16:1 acylium+C3H6O2]+; 
Truncated... 
29 TG 50:0 
[M+NH4]+ 
TG(16:0-16:0-
18:0) 
2.9 23.559 579.5337 (999) [M+NH4]-NH3-16:0; 551.5027 (533) 
[M+NH4]-NH3-18:0; 565.5187 (369); 593.5497 (107); 
607.5651 (80); 523.4714 (45); 578.5227 (35); 537.4875 
(31); 553.5104 (19); 552.5063 (16); 621.5832 (10); 
581.5404 (9); 239.2356 (8) [16:0 acylium+C3H6O2]+; 
Truncated... 
30 TG 50:1 
[M+NH4]+ 
TG(16:0-16:1-
18:0) 
2.1 23.228 577.5192 (999) [M+NH4]-NH3-16:0; 551.5036 (546); 
579.5338 (154) [M+NH4]-NH3-16:1; 549.4874 (105) 
[M+NH4]-NH3-18:0; 563.5034 (102); 565.519 (55); 591.5342 
(53); 605.5503 (47); 833.758 (12); 523.4727 (12); 313.2737 
(11); 537.4874 (9); 239.2367 (9) [16:0 acylium+C3H6O2]+; 
Truncated... 
31 TG 50:2 
[M+NH4]+ 
TG(16:0-16:1-
18:1) 
1.4 23.642 577.5188 (999) [M+NH4]-NH3-16:1; 549.4879 (767) 
[M+NH4]-NH3-18:1; 575.5035 (737) [M+NH4]-NH3-16:0; 
551.5029 (163); 563.5027 (119); 603.5342 (110); 589.5185 
(38); 561.4873 (37); 547.4714 (36); 831.742 (35); 313.2739 
(33); 605.5504 (23); 339.2896 (22); 591.5334 (22); 
521.4565 (14); 237.2212 (13) [16:1 acylium+C3H6O2]+; 
Truncated... 
32 TG 50:3 
[M+NH4]+ 
TG(16:0-16:1-
18:2) 
8.9 22.403 575.5028 (999) [M+NH4]-NH3-16:1; 549.4873 (490) 
[M+NH4]-NH3-18:2; 573.4871 (423) [M+NH4]-NH3-16:0; 
547.4715 (396); 551.503 (124); 601.5185 (99); 561.4878 
(81); 829.7263 (80); 603.533 (56); 339.2894 (37); 311.2582 
(34); 589.5172 (31); 313.2735 (30); 521.4555 (23); 
237.2213 (20) [16:1 acylium+C3H6O2]+; 811.717 (20) 
[M+NH4]-NH3-H2O; 577.5169 (20); 263.2371 (19) [18:2 
acylium+C3H6O2]+; Truncated... 
33 TG 51:0 
[M+NH4]+ 
TG(16:0-17:0-
18:0) 
1.9 24.023 593.5487 (999) [M+NH4]-NH3-16:0; 565.5175 (732) 
[M+NH4]-NH3-18:0; 579.5334 (676) [M+NH4]-NH3-17:0; 
607.5643 (336); 621.5804 (206); 537.4878 (193); 551.5019 
(137); 635.5969 (58); 509.4563 (56); 649.6143 (51); 
523.4707 (31); 481.4229 (24); 495.4414 (21); 467.4093 
(14); 239.2351 (7) [16:0 acylium+C3H6O2]+; Truncated... 
34 TG 51:1 
[M+NH4]+ 
TG(16:0-17:0-
18:1) 
0.8 23.937 565.5183 (999) [M+NH4]-NH3-18:1; 577.5192 (931) 
[M+NH4]-NH3-17:0; 591.5349 (890) [M+NH4]-NH3-16:0; 
563.5031 (274); 605.5499 (228); 593.5504 (211); 579.5344 
(153); 537.487 (75); 551.5038 (68); 549.4891 (51); 
619.5642 (48); 847.7742 (30) [M+NH4]-NH3; Truncated... 
35 TG 51:2 
[M+NH4]+ 
TG(16:1-17:0-
18:1) 
6.3 23.373 563.5023 (999) [M+NH4]-NH3-18:1; 591.5337 (542) 
[M+NH4]-NH3-16:1; 577.5177 (366); 575.5023 (301) 
[M+NH4]-NH3-17:0; 603.5342 (269); 589.5176 (249); 
565.5171 (113); 561.4858 (60); 549.487 (48); 845.7585 (44) 
[M+NH4]-NH3; Truncated… 
36 TG 51:4 
[M+NH4]+ 
TG(16:1-17:1-
18:2) 
2.0 22.373 561.4873 (999) [M+NH4]-NH3-18:2; 587.5006 (826) 
[M+NH4]-NH3-16:1; 573.4869 (589) [M+NH4]-NH3-17:1; 
559.4705 (367); 601.5178 (327); 599.5017 (269); 563.5022 
(254); 841.7274 (187) [M+NH4]-NH3; 535.4729 (183); 
585.4842 (156); 575.5031 (109); 589.5204 (103); 800.6746 
(95); 547.472 (79); 392.3862 (52); 263.2361 (48) [18:2 
acylium+C3H6O2]+; Truncated... 
37 TG 52:1 
[M+NH4]+ 
0.1 23.702 605.549 (999) [M+NH4]-NH3-16:0; 577.5178 (908) [M+NH4]-
NH3-18:0; 579.5332 (875) [M+NH4]-NH3-18:1; 607.564 
(186); 591.5337 (119); 551.5027 (87); 549.4865 (73); 
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TG(16:0-18:0-
18:1) 
633.581 (57); 593.5487 (45); 619.5648 (39); 635.5975 (23); 
861.7873 (22); 563.5029 (20); 578.5234 (19); 521.4539 
(14); 565.5173 (14); 621.58 (13); 661.6112 (12); 523.4692 
(10); 265.251 (10) [18:1 acylium+C3H6O2]+; Truncated... 
38 TG 52:2 
[M+NH4]+ 
TG(16:1-18:0-
18:1) 
7.2 23.674 577.5199 (999) [M+NH4]-NH3-18:1; 603.5353 (583); 
575.5034 (107) [M+NH4]-NH3-18:0; 605.5493 (80) [M+NH4]-
NH3-16:1; 579.533 (63); 859.7743 (40) [M+NH4]-NH3; 
591.5344 (23); 549.488 (19); 589.5194 (17); 604.5359 (14); 
265.2524 (13) [18:1 acylium+C3H6O2]+; Truncated... 
39 TG 52:3 
[M+NH4]+ 
TG(16:0-18:1-
18:2) 
0.5 22.895 575.5028 (999) [M+NH4]-NH3-18:1; 601.5178 (769) 
[M+NH4]-NH3-16:0; 577.5179 (678) [M+NH4]-NH3-18:2; 
603.5337 (331); 857.759 (120) [M+NH4]-NH3; 573.4875 
(62); 579.5334 (31); 589.518 (29); 263.2371 (20) [18:2 
acylium+C3H6O2]+; 339.2892 (19); 549.4879 (13); 839.7493 
(13) [M+NH4]-NH3-H2O; Truncated... 
40 TG 52:4 
[M+NH4]+ 
TG(16:1-18:1-
18:2) 
1.5 22.488 575.5032 (999) [M+NH4]-NH3-18:2; 599.5035 (724); 
855.7427 (367) [M+NH4]-NH3; 573.4875 (43) [M+NH4]-NH3-
18:1; 577.5177 (35); 263.237 (32) [18:2 acylium+C3H6O2]+; 
837.7315 (28); 601.5171 (28) [M+NH4]-NH3-16:1; 313.2744 
(15); 337.2751 (13); 261.2215 (11); 245.2266 (10) [18:2 
acylium-H2O]+; 319.2641 (7) [18:2 acylium+C3H6O2-H2O]+; 
Truncated... 
41 TG 52:5 
[M+NH4]+ 
TG(16:0-18:2-
18:3) 
3.2 22.225 597.4881 (999) [M+NH4]-NH3-16:0; 575.5039 (919) 
[M+NH4]-NH3-18:3; 573.4886 (760) [M+NH4]-NH3-18:2; 
853.7281 (543) [M+NH4]-NH3; 551.5045 (111); 835.7187 
(66) [M+NH4]-NH3-H2O; 261.2218 (65) [18:3 
acylium+C3H6O2]+; 599.5028 (45); 523.4692 (41); 425.3277 
(40); 313.2748 (30); 571.4716 (24); 441.3223 (24); 577.519 
(20); 395.3172 (19); 263.2366 (18) [18:2 acylium+C3H6O2]+; 
Truncated... 
42 TG 52:6 
[M+NH4]+ 
TG(16:1-18:2-
18:3) 
5.0 21.834 573.4876 (999) [M+NH4]-NH3-18:3; 851.7111 (450) 
[M+NH4]-NH3; 571.471 (428) [M+NH4]-NH3-18:2; 595.4718 
(416); 597.4871 (304) [M+NH4]-NH3-16:1; 599.5049 (107); 
549.4883 (88); 261.2204 (55) [18:3 acylium+C3H6O2]+; 
425.3263 (51); 833.7028 (38) [M+NH4]-NH3-H2O; 575.5049 
(30); 313.2734 (24); 317.247 (22) [18:3 acylium+C3H6O2-
H2O]+; Truncated... 
43 TG 53:4 
[M+NH4]+ 
TG(17:1-18:1-
18:2) 
7.4 22.871 589.5169 (999) [M+NH4]-NH3-18:2; 601.5162 (645) 
[M+NH4]-NH3-17:1; 587.4996 (598) [M+NH4]-NH3-18:1; 
615.5321 (460); 563.5005 (309); 869.762 (271) [M+NH4]-
NH3; Truncated… 
44 TG 53:6 
[M+NH4]+ 
TG(17:1-18:2-
18:3) 
9.2 22.026 585.4869 (999) [M+NH4]-NH3-18:2; 865.7293 (603) 
[M+NH4]-NH3; 599.501 (421); 563.5012 (279); 587.4992 
(160) [M+NH4]-NH3-18:3; 537.4873 (141); 439.3424 (135); 
425.3255 (114); 549.489 (103); 597.4877 (94) [M+NH4]-
NH3-17:1; Truncated… 
45 TG 54:0 
[M+NH4]+ 
TG(16:0-18:0-
20:0) 
4.3 25.12 635.5978 (999) [M+NH4]-NH3-16:0; 607.5662 (785) 
[M+NH4]-NH3-18:0; 663.6283 (707); 523.4729 (440); 
649.6117 (274); 551.5037 (173); 579.5346 (88) [M+NH4]-
NH3-20:0; 495.4414 (57); 509.4577 (53); 537.4861 (47); 
621.5842 (45); 691.6595 (32); 677.6441 (21); 565.5191 
(10); 267.2691 (5) [18:0 acylium+C3H6O2]+; Truncated... 
46 TG 54:1 
[M+NH4]+ 
TG(16:1-18:0-
20:0) 
1.9 24.352 605.5484 (999) [M+NH4]-NH3-18:0; 607.5638 (598); 
635.5951 (428) [M+NH4]-NH3-16:1; 633.5794 (425); 
577.517 (191) [M+NH4]-NH3-20:0; Truncated… 
305 
Index Lipid class,  
Brutto Species, 
Adduct and 
major Molecular 
Species 
ppm RT 
(min) 
Annotations 
47 TG 54:2 
[M+NH4]+ 
TG(16:1-18:1-
20:0) 
0.5 24.017 605.5498 (999) [M+NH4]-NH3-18:1; 603.5342 (515); 
633.5806 (183) [M+NH4]-NH3-16:1; 631.5657 (144); 
577.5187 (104); 607.5655 (41); 886.8904 (41); 661.6122 
(35); 575.5046 (35) [M+NH4]-NH3-20:0; 887.8058 (34) 
[M+NH4]-NH3; Truncated… 
48 TG 54:3 
[M+NH4]+ 
TG(18:0-18:1-
18:2) 
6.5 23.213 603.5337 (999) [M+NH4]-NH3-18:1; 601.518 (115) [M+NH4]-
NH3-18:0; 605.5489 (105) [M+NH4]-NH3-18:2; 885.7882 (52) 
[M+NH4]-NH3; 631.5637 (16); 629.5514 (10); 265.2524 (10) 
[18:1 acylium+C3H6O2]+; 575.5021 (9); 339.2894 (9); 
577.5173 (6); 867.7803 (5) [M+NH4]-NH3-H2O; 604.5368 
(5); 602.5213 (4); 263.2381 (3) [18:2 acylium+C3H6O2]+; 
601.6059 (3); 247.2427 (2) [18:1 acylium-H2O]+; 
Truncated... 
49 TG 54:4 
[M+NH4]+ 
TG(18:0-18:2-
18:2) 
9.1 22.257 
 
603.5245 (999) [M+ NH4]-NH3-18:2; 883.7628 (538); 
601.5099 (447); 602.5196 (427); 600.5042 (332); 599.4945 
(223) [M+ NH4]-NH3-18:0; 598.4883 (118); 597.4831 (38); 
262.2241 (25); 626.5096 (24); Truncated... 
50 TG 54:5 
[M+NH4]+ 
TG(18:0-18:2-
18:3) 
1.4 23.022 601.5174 (999) [M+NH4]-NH3-18:2; 599.5027 (666); 
881.758 (519) [M+NH4]-NH3; 603.5335 (46) [M+NH4]-NH3-
18:3; 863.7472 (39) [M+NH4]-NH3-H2O; 263.2367 (28) [18:2 
acylium+C3H6O2]+; 339.289 (21); 337.2737 (19); 265.2521 
(12); 261.2209 (10) [18:3 acylium+C3H6O2]+; 245.2257 (9) 
[18:2 acylium-H2O]+; 319.2629 (8) [18:2 acylium+C3H6O2-
H2O]+; Truncated... 
51 TG 54:6 
[M+NH4]+ 
TG(18:1-18:2-
18:3) 
8.9 22.143 599.5028 (999) [M+NH4]-NH3-18:2; 879.7427 (371) 
[M+NH4]-NH3; 597.4873 (40) [M+NH4]-NH3-18:1; 601.5182 
(35) [M+NH4]-NH3-18:3; 861.7338 (23) [M+NH4]-NH3-H2O; 
263.2368 (20) [18:2 acylium+C3H6O2]+; 337.2737 (16); 
261.2206 (8) [18:3 acylium+C3H6O2]+; 245.2262 (7) [18:2 
acylium-H2O]+; 525.4657 (6); 617.512 (6); 551.5023 (5); 
319.2624 (5) [18:2 acylium+C3H6O2-H2O]+; Truncated... 
52 TG 54:7 
[M+NH4]+ 
TG(16:1-18:2-
20:4) 
1.4 21.885 597.4867 (999) [M+NH4]-NH3-18:2; 599.5018 (649); 
877.7261 (550) [M+NH4]-NH3; 595.4698 (69); 859.7144 
(44); 261.2213 (36); 337.2738 (23); 263.2373 (19) [18:2 
acylium+C3H6O2]+; 601.5175 (19); 317.2472 (14); 523.4486 
(12); 615.4956 (11); 335.2574 (8); 243.2108 (8); 259.2057 
(7); 319.2629 (6) [18:2 acylium+C3H6O2-H2O]+; 245.226 (6) 
[18:2 acylium-H2O]+; Truncated... 
53 TG 54:8 
[M+NH4]+ 
TG(18:2-18:3-
18:3) 
2.4 21.635 597.4869 (999) [M+NH4]-NH3-18:3; 595.4715 (494) 
[M+NH4]-NH3-18:2; 875.711 (408) [M+NH4]-NH3; 261.2216 
(44) [18:3 acylium+C3H6O2]+; 599.5011 (34); 857.7 (30) 
[M+NH4]-NH3-H2O; 317.2482 (23) [18:3 acylium+C3H6O2-
H2O]+; 263.2364 (17) [18:2 acylium+C3H6O2]+; 335.2561 
(15); 337.2723 (11); 857.7603 (11); 523.4513 (10); 
243.2089 (9) [18:3 acylium-H2O]+; Truncated... 
54 TG 54:9 
[M+NH4]+ 
TG(18:3-18:3-
18:3) 
0.1 21.151 595.4701 (999) [M+NH4]-NH3-18:3; 873.6944 (256) 
[M+NH4]-NH3; 855.741 (57); 597.4869 (30); 261.22 (29) 
[18:3 acylium+C3H6O2]+; 855.6846 (27) [M+NH4]-NH3-H2O; 
593.4531 (26); 335.2569 (19); 317.2486 (18) [18:3 
acylium+C3H6O2-H2O]+; Truncated… 
55 TG 55:2 
[M+NH4]+ 
TG(16:1-18:1-
21:0) 
1.8 24.149 647.5959 (999) [M+NH4]-NH3-16:1; 619.5639 (554) 
[M+NH4]-NH3-18:1; 900.9049 (315); 633.5795 (302); 645.58 
(275); 661.6118 (274); 662.6798 (262); 675.6262 (231); 
631.5644 (196); 659.5937 (157); 621.5786 (129); 591.5343 
(127); 575.5002 (117) [M+NH4]-NH3-21:0; Truncated... 
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56 TG 56:0 
[M+NH4]+ 
TG(16:0-18:0-
22:0) 
8.6 25.344 663.6246 (999) [M+NH4]-NH3-16:0; 551.5 (340); 677.6397 
(259); 691.6559 (218); 649.609 (126); 523.4696 (118); 
537.484 (116); 635.5937 (69) [M+NH4]-NH3-18:0; 579.5303 
(23) [M+NH4]-NH3-22:0; Truncated… 
57 TG 56:1 
[M+NH4]+ 
TG(16:0-18:1-
22:0) 
6.9 
 
25.13 
 
661.6054 (999) [M+ NH4]-NH3-16:0; 635.5859 (642) [M+ 
NH4]-NH3-18:1; 604.5371 (497); 634.5819 (461); 633.5719 
(182); 675.6179 (176); 660.5983 (152); 577.5108 (131) [M+ 
NH4]-NH3-22:0; 689.6339 (123); 637.6043 (116); 
Truncated... 
58 TG 56:2 
[M+NH4]+ 
TG(16:1-18:1-
22:0) 
1.2 25.045 661.6112 (999) [M+NH4]-NH3-16:1; 633.5791 (434) 
[M+NH4]-NH3-18:1; 603.5328 (168); 547.4711 (151); 
659.5946 (128); 689.6427 (95); 635.5964 (84); 675.6269 
(68); 631.564 (57); 575.502 (56) [M+NH4]-NH3-22:0; 
647.5962 (49); 549.4877 (48); 914.9231 (46); 676.6945 
(45); 687.6253 (44); 605.5484 (39); 577.518 (33); 915.8351 
(28) [M+NH4]-NH3; Truncated... 
59 TG 56:3 
[M+NH4]+ 
TG(16:1-18:1-
22:1) 
6.9 23.831 631.5642 (999) [M+NH4]-NH3-18:1; 603.5323 (481); 
659.5952 (297) [M+NH4]-NH3-16:1; 601.5178 (216); 
633.5781 (214); 913.8199 (120) [M+NH4]-NH3; 629.5472 
(80); 657.5799 (70); 577.5189 (64); 605.5459 (59); 912.913 
(49); 687.6249 (42); 635.601 (42); 575.5001 (37) [M+NH4]-
NH3-22:1; Truncated... 
60 TG 56:4 
[M+NH4]+ 
TG(18:2-18:2-
20:0) 
1.7 
 
23.52 
 
631.565 (999) [M+ NH4]-NH3-18:2; 599.502 (500) [M+ NH4]-
NH3-20:0; 911.8032 (288) [M+ NH4]-NH3; 629.5474 (268); 
601.5172 (173); 603.5361 (48); 633.5782 (21); 420.4184 
(21); 893.7867 (14); 575.5022 (14); 263.2361 (11) [18:2 
acylium+C3H6O2]+; Truncated… 
 
61 TG 56:5 
[M+NH4]+ 
TG(18:2-18:2-
20:1) 
2.8 23.49 629.5494 (999) [M+NH4]-NH3-18:2; 599.5022 (632) 
[M+NH4]-NH3-20:1; 909.7898 (336) [M+NH4]-NH3; 627.5312 
(84); 631.5633 (47); 601.5217 (38); 579.5327 (38); 
607.5637 (17); 337.2765 (14); 603.5383 (12); 655.563 (10); 
393.0319 (10); 263.2351 (10) [18:2 acylium+C3H6O2]+; 
891.7753 (9); 245.2231 (8) [18:2 acylium-H2O]+; 293.2829 
(7) [20:1 acylium+C3H6O2]+; Truncated... 
62 TG 56:6 
[M+NH4]+ 
TG(20:2:-22:4-
14:0) 
2.8 
 
22.34 
 
599.5037 (999) [M+ NH4]-NH3-20:2; 393.0337 (441) [22:4 
acylium+C3H6O2]+; 467.3731 (441); 906.8355 (223); 
577.5196 (223); 493.384 (206); 748.6396 (203); 730.902 
(201); 879.7429 (165); 734.6236 (151); 509.3817 (126); 
263.2371 (90); 577.5353 (89); 782.6348 (52); 730.6435 
(50); 653.5438 (47); 604.5364 (46); 575.5125 (45); 
579.5208 (45); 550.489 (44); 523.4349 (42); 439.3807 (39); 
422.3693 (38); 217.0162 (27) 
 
63 TG 58:0 
[M+NH4]+ 
TG(16:0-20:0-
22:0) 
9.5 26.332 691.6595 (999) [M+NH4]-NH3-16:0; 551.5029 (298); 
663.6275 (230); 579.5339 (160); 677.6437 (116); 719.6906 
(105); 705.673 (89); 523.4725 (46); 565.5187 (35); 
635.5959 (25) [M+NH4]-NH3-20:0; 537.4858 (24); 607.5631 
(9) [M+NH4]-NH3-22:0; Truncated... 
64 TG 58:1 
[M+NH4]+ 
TG(16:0-20:1-
22:0) 
7.6 25.467 689.6427 (999) [M+NH4]-NH3-16:0; 691.6568 (957); 
663.6271 (754); 577.5181 (436); 549.4866 (349); 677.6442 
(235); 717.6736 (221); 563.5033 (209); 675.6254 (188); 
703.6571 (172); 661.6098 (124); 551.5028 (43); 705.675 
(39); 523.4679 (28); 719.6913 (22); 535.4707 (18); 
635.5946 (14) [M+NH4]-NH3-20:1; 605.5488 (14) [M+NH4]-
NH3-22:0; Truncated... 
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65 TG 58:3 
[M+NH4]+ 
TG(16:1-20:2-
22:0) 
0.9 24.69 687.6279 (999) [M+NH4]-NH3-16:1; 659.5964 (597); 
661.6102 (369); 601.5181 (320) [M+NH4]-NH3-22:0; 
547.4742 (118); 685.6101 (109); 715.6584 (103); 941.8523 
(88) [M+NH4]-NH3; 573.4878 (78); 603.531 (66); 575.504 
(59); 631.5646 (55); 673.6112 (46); 195.0363 (32); 
633.5806 (30) [M+NH4]-NH3-20:2; Truncated... 
66 TG 58:4 
[M+NH4]+ 
TG(18:3-20:0-
20:2) 
2.1 
 
23.64 
 
659.5966 (999) [M+ NH4]-NH3-18:2; 657.5802 (737) [M+ 
NH4]-NH3-18:1; 939.8417 (519) [M+ NH4]-NH3; 685.6124 
(421); 599.501 (404); 603.5338 (218); 631.5597 (159); 
683.5938 (155); 700.6924 (123); 661.6174 (98); 
Truncated... 
 
67 TG 58:5 
[M+NH4]+ 
TG(18:3-20:0-
20:2) 
2.5 23.039 629.5432 (999) [M+NH4]-NH3-20:2; 937.8125 (373); 
659.5881 (303) [M+NH4]-NH3-18:3; 601.5178 (64); 
599.4984 (51); 74.0971 (31); 919.8083 (16) [M+NH4]-NH3-
H2O; 881.7429 (13); 813.7705 (12); 627.5267 (11); 291.269 
(10) [20:2 acylium+C3H6O2]+; 261.2201 (7) [18:3 
acylium+C3H6O2]+; 659.6107 (7) [M+NH4]-NH3-18:3; 
Truncated... 
68 TG 58:8 
[M+NH4]+ 
TG(18:0-20:4-
20:4) 
4.9 
 
21.96 
 
627.5283 (999) [M+ NH4]-NH3-20:4; 195.036 (495); 
931.7686 (143) [M+ NH4]-NH3; 341.2991 (107); 651.5283 
(79); 287.2384 (54) [20:4 acylium+C3H6O2]+; 913.7647 (50) 
[M+ NH4]-NH3-H2O ; 269.2258 (47) [20:4 acylium- H2O]+; 
628.5333 (40); 629.5481 (30); Truncated... 
 
69 TG 60:1 
[M+NH4]+ 
TG(18:1-20:0-
22:0) 
5.3 26.324 691.6581 (999) [M+NH4]-NH3-18:1; 717.6747 (856); 797.06 
(786); 603.0283 (756); 719.6904 (675); 577.5179 (566); 
689.6441 (299); 705.6766 (241); 605.5504 (227); 973.0783 
(220); 745.7065 (156); 703.6595 (116); 591.5353 (102); 
731.6873 (100); 523.4754 (96); 549.4852 (94); 663.628 
(69); 563.5026 (68); 495.4398 (52); 773.7348 (42); 
551.5001 (31); 747.7185 (28); 661.6072 (26) [M+NH4]-NH3-
20:0; Truncated... 
70 TG 60:2 
[M+NH4]+ 
TG(18:1-20:1-
22:0) 
0.7 25.54 689.6422 (999) [M+NH4]-NH3-18:1; 717.6738 (830); 
603.5326 (320); 575.5018 (200); 715.6572 (187); 703.6579 
(158); 691.6584 (101); 743.6899 (99); 549.4869 (72); 
971.8995 (71) [M+NH4]-NH3; 745.7025 (64); 521.4562 (61); 
589.5185 (45); 663.6298 (43); 577.5164 (43); 687.627 (39); 
731.6868 (39); 661.6105 (38) [M+NH4]-NH3-20:1; 
Truncated... 
71 TG 60:3 
[M+NH4]+ 
TG(18:1-20:1-
22:1) 
8.9 25.14 687.628 (999) [M+NH4]-NH3-18:1; 715.658 (697); 689.6411 
(276); 603.5335 (242); 601.52 (188); 713.6405 (187); 
575.5058 (158); 701.6468 (133); 968.9636 (123); 741.6757 
(119); 969.883 (116) [M+NH4]-NH3; 743.6886 (107); 
195.0358 (104); 659.5955 (90) [M+NH4]-NH3-20:1; 
Truncated... 
 MGDG    
72 MGDG 32:0 
[M+NH4]+ 
MGDG(16:0-
16:0) 
8.2 13.89 607.7057 (999); 313.2734 (46) [16:0 acylium+C3H6O2]+; 
551.5024 (46) [M+NH4]-NH3-galactose; 606.6988 (26); 
633.5718 (19); 650.6067 (19); 569.5117 (8) [M+NH4]-NH3-
galactose+H2O; Truncated... 
73 MGDG 34:2 
[M+NH4]+ 
MGDG(16:0-
18:2) 
0.8 12.391 575.5033 (999) [M+NH4]-NH3-galactose; 313.2742 (770) 
[16:0 acylium+C3H6O2]+; 337.2744 (575) [18:2 
acyliumn+C3H6O2]+; 593.5137 (268) [M+NH4]-NH3-
galactose+H2O; 657.5797 (212); 713.6526 (201); 184.0735 
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(142); 263.2375 (51) [18:2 acylium]+; 755.5658 (50) 
[M+NH4]-NH3; 339.2902 (45); 311.2595 (34); 245.2271 (15) 
[18:2 acylium-H2O]+; Truncated... 
74 MGDG 34:3 
[M+NH4]+ 
MGDG(16:0-
18:3) 
8.7 11.036 591.4986 (999) [M+NH4]-NH3-galactose+H2O; 573.4888 
(741) [M+NH4]-NH3-galactose; 335.2589 (597) [18:3 
acyliumn+C3H6O2]+; 313.2743 (564) [16:0 
acylium+C3H6O2]+; 261.2219 (139) [18:3 acylium]+; 
629.5157 (120); 184.0736 (107); 237.0833 (42); 243.2096 
(34) [18:3 acylium-H2O]+; 753.5515 (29) [M+NH4]-NH3; 
317.2481 (28) [18:3 acylium+C3H6O2-H2O]+; Truncated... 
75 MGDG 34:4 
[M+NH4]+ 
MGDG(16:1-
18:3) 
1.8 8.286 589.4815 (999) [M+NH4]-NH3-galactose+H2O; 311.2594 
(550) [16:1 acylium+C3H6O2]+; 335.2584 (513) [18:3 
acyliumn+C3H6O2]+; 571.4698 (496) [M+NH4]-NH3-
galactose; Truncated... 
76 MGDG 35:4 
[M+NH4]+ 
MGDG(17:1-
18:3) 
2.9 10.074 603.4969 (999) [M+NH4]-NH3-galactose+H2O; 597.4847 
(980); 585.485 (483) [M+NH4]-NH3-galactose; 335.2581 
(257) [18:3 acyliumn+C3H6O2]+; 325.2733 (227) [17:1 
acylium+C3H6O2]+; 641.5016 (112); 337.274 (109); 
546.5015 (104); 323.2587 (93); 261.2195 (84) [18:3 
acylium]+; Truncated... 
77 MGDG 36:2 
[M+NH4]+ 
MGDG(18:0-
18:2) 
4.9 14.409 603.5342 (999) [M+NH4]-NH3-galactose; 341.3056 (698) 
[18:0 acylium+C3H6O2]+; 337.2743 (515) [18:2 
acyliumn+C3H6O2]+; 621.5451 (315) [M+NH4]-NH3-
galactose+H2O; 339.2898 (158); 263.237 (62) [18:2 
acylium]+; 702.6106 (53); 783.5958 (41) [M+NH4]-NH3; 
685.6057 (31); 245.2248 (20) [18:2 acylium-H2O]+; 
Truncated... 
78 MGDG 36:3 
[M+NH4]+ 
MGDG(18:1-
18:2) 
0.0 12.455 601.5179 (999) [M+NH4]-NH3-galactose; 619.5275 (579) 
[M+NH4]-NH3-galactose+H2O; 339.2894 (488) [18:1 
acylium+C3H6O2]+; 337.274 (436) [18:2 acyliumn+C3H6O2]+; 
411.0471 (56); 657.5798 (55); 781.5792 (27) [M+NH4]-NH3; 
217.0176 (27); 263.2371 (22) [18:2 acylium]+; 763.5671 (17) 
[M+NH4]-NH3-H2O; Truncated... 
79 MGDG 36:4 
[M+NH4]+ 
MGDG(18:1-
18:3) 
1.1 10.722 617.5137 (999) [M+NH4]-NH3-galactose+H2O; 599.5033 
(457) [M+NH4]-NH3-galactose; 337.2744 (363); 339.29 
(165) [18:1 acylium+C3H6O2]+; 335.2589 (141) [18:3 
acyliumn+C3H6O2]+; 261.2216 (40) [18:3 acylium]+; 
779.5651 (21) [M+NH4]-NH3; 761.5538 (15) [M+NH4]-NH3-
H2O; Truncated... 
80 MGDG 36:5 
[M+NH4]+ 
MGDG(18:2-
18:3) 
4.2 9.188 615.4982 (999) [M+NH4]-NH3-galactose+H2O; 597.4874 
(276) [M+NH4]-NH3-galactose; 337.2746 (264) [18:2 
acylium+C3H6O2]+; 335.2587 (246) [18:3 
acyliumn+C3H6O2]+; 261.2217 (38) [18:3 acylium]+; 
Truncated... 
81 MGDG 36:6 
[M+NH4]+ 
MGDG(18:2-
18:4) 
0.7 0.998 613.4829 (999) [M+NH4]-NH3-galactose+H2O; 335.2586 
(532); 595.4722 (266) [M+NH4]-NH3-galactose; 337.2737 
(74) [18:2 acylium+C3H6O2]+; 333.2428 (61) [18:4 
acyliumn+C3H6O2]+; 261.2213 (59); 259.2055 (28) [18:4 
acylium]+; Truncated... 
82 MGDG 38:4 
[M+NH4]+ 
MGDG(18:1-
20:3) 
0.1 12.989 608.7109 (999); 807.7359 (125); 607.7057 (72); 645.5438 
(71) [M+NH4]-NH3-galactose+H2O; 627.5336 (36) [M+NH4]-
NH3-galactose; 756.7489 (23); 367.3207 (21); 335.2586 
(20); 606.6976 (7); 765.4685 (6); 261.2204 (4); 337.2728 
(4); 102.0552 (3); 697.6743 (3); 606.7659 (3); 339.2885 (2) 
[18:1 acylium+C3H6O2]+; Truncated... 
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83 MGDG 38:6 
[M+NH4]+ 
MGDG(18:3-
20:3) 
2.0 9.07 641.5127 (999) [M+NH4]-NH3-galactose+H2O; 335.2576 
(262) [18:3 acylium+C3H6O2]+; 363.2887 (149) [20:3 
acyliumn+C3H6O2]+; 570.3854 (124); 623.5054 (119) 
[M+NH4]-NH3-galactose; 626.9986 (98); 337.2771 (40); 
752.5062 (36); 289.2567 (29) [20:3 acylium]+; Truncated... 
 DGDG    
84 DGDG 34:1 
[M+NH4]+ 
DGDG(16:0-
18:1) 
5.8 12.19 577.5155 (999) [M+NH4]-NH3-digalactose-H2O; 595.5288 
(551) [M+NH4]-NH3-digalactose; 339.2884 (479) [18:1 
acyliumn+C3H6O2]+; 313.2724 (443) [16:0 
acylium+C3H6O2]+; 742.537 (81); 601.5149 (66); 757.5762 
(33) [M+NH4]-NH3-galactose+H2O; Truncated… 
85 DGDG 34:2 
[M+NH4]+ 
DGDG(16:0-
18:2) 
1.5 
 
10.672 
 
575.5031 (999) [M+ NH4]-NH3-digalactose- H2O ; 313.2747 
(730) [16:0 acylium+ C3H6O2]+; 593.5146 (629) [M+ NH4]-
NH3-digalactose; 337.2743 (603) [18:2 acylium+ C3H6O2]+; 
755.5639 (93) [M+ NH4]-NH3-galactose+ H2O ; 263.2363 
(62) [18:2 acylium]+; 599.5012 (38); 740.5221 (29); 311.257 
(22); 575.53 (18); Truncated... 
86 DGDG 34:3 
[M+NH4]+ 
DGDG(16:0-
18:3) 
1.3 8.38 591.4977 (999) [M+ NH4]-NH3-digalactose; 573.4874 (479) 
[M+ NH4]-NH3-digalactose-H2O; 335.258 (313) [18:3 
acylium+ C3H6O2]+; 313.2736 (303) [16:0 acylium+ 
C3H6O2]+; 261.221 (89) [18:3 acylium]+; 753.5496 (55) [M+ 
NH4]-NH3-galactose+ H2O ; 243.2103 (13) [18:3 acylium- 
H2O]+; 735.5333 (12) [M+ NH4]-NH3-galactose; 163.0592 
(10); 915.6072 (9) [M+ NH4]-NH3; Truncated... 
87 DGDG 36:2 
[M+NH4]+ 
DGDG(18:0-
18:2) 
3.0 11.067 603.5336 (999) [M+NH4]-NH3-digalactose-H2O; 341.3047 
(592) [18:0 acylium+C3H6O2]+; 621.5439 (491) [M+NH4]-
NH3-digalactose; 337.2734 (455) [18:2 acyliumn+C3H6O2]+; 
783.5934 (71) [M+NH4]-NH3-galactose+H2O; 263.2371 (71) 
[18:2 acylium]+; 339.2865 (23); 359.3141 (19); 765.5825 
(13) [M+NH4]-NH3-galactose; 145.049 (10); 163.0584 (9); 
245.2234 (8) [18:2 acylium-H2O]+; Truncated... 
88 DGDG 36:3 
[M+NH4]+ 
DGDG(18:0-
18:3) 
3.3 11.26 619.5293 (999) [M+NH4]-NH3-digalactose; 601.5183 (467) 
[M+NH4]-NH3-digalactose-H2O; 341.305 (330) [18:0 
acylium+C3H6O2]+; 335.258 (301) [18:3 acyliumn+C3H6O2]+; 
261.2209 (89) [18:3 acylium]+; 781.5817 (61) [M+NH4]-NH3-
galactose+H2O; 763.5699 (16) [M+NH4]-NH3-galactose; 
243.2098 (14) [18:3 acylium-H2O]+; 317.248 (10) [18:3 
acylium+C3H6O2-H2O]+; Truncated... 
89 DGDG 36:4 
[M+NH4]+ 
DGDG(18:1-
18:3) 
2.1 10.665 617.5104 (999) [M+NH4]-NH3-digalactose; 599.5015 (317) 
[M+NH4]-NH3-digalactose-H2O; 335.2572 (245) [18:3 
acyliumn+C3H6O2]+; 339.289 (206) [18:1 acylium+C3H6O2]+; 
779.5655 (84) [M+NH4]-NH3-galactose+H2O; 569.3874 (67); 
337.2697 (28); 764.4095 (24); 941.6201 (20) [M+NH4]-NH3; 
261.2187 (14) [18:3 acylium]+; 163.0603 (14); 412.4103 
(13); 243.2082 (10) [18:3 acylium-H2O]+; 339.3085 (4); 
325.1153 (4); 265.249 (4) [18:1 acylium]+; 163.148 (3); 
123.1176 (2) 
90 DGDG 36:5 
[M+NH4]+ 
DGDG(18:2-
18:3) 
4.7 8.605 615.4982 (999) [M+NH4]-NH3-digalactose; 335.2569 (94) 
[18:3 acyliumn+C3H6O2]+; 337.2727 (87) [18:2 
acylium+C3H6O2]+; 597.4913 (52) [M+NH4]-NH3-digalactose-
H2O; 777.5382 (48) [M+NH4]-NH3-galactose+H2O; 777.5563 
(36) [M+NH4]-NH3-galactose+H2O; 759.5414 (36) [M+NH4]-
NH3-galactose; 597.481 (31) [M+NH4]-NH3-digalactose-
H2O; 163.0604 (22); 762.3531 (12); 523.438 (10); 339.2888 
(8) 
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91 DGDG 36:6 
[M+NH4]+ 
DGDG(18:3-
18:3) 
0.7 7.931 613.4833 (999) [M+NH4]-NH3-digalactose; 335.2591 (233) 
[18:3 acylium+C3H6O2]+; 595.4723 (153) [M+NH4]-NH3-
digalactose-H2O; 775.5362 (45) [M+NH4]-NH3-
galactose+H2O; 337.2745 (43); 333.2428 (37); 261.2218 
(27) [18:3 acylium]+; 757.5262 (26) [M+NH4]-NH3-galactose; 
Truncated... 
92 DGDG 38:3 
[M+NH4]+ 
DGDG(18:3-
20:0) 
3.0 12.504 647.5595 (999) [M+NH4]-NH3-digalactose; 629.5483 (337) 
[M+NH4]-NH3-digalactose-H2O; 369.3341 (311) [20:0 
acyliumn+C3H6O2]+; 335.2586 (278) [18:3 
acylium+C3H6O2]+; 261.2221 (49) [18:3 acylium]+; 809.6098 
(37) [M+NH4]-NH3-galactose+H2O; 163.058 (28); 243.2087 
(27) [18:3 acylium-]+; 369.3461 (17) [20:0 
acyliumn+C3H6O2]+ 
 SQDG    
93 SQDG 34:1 
[M+NH4]+ 
SQDG(16:0-
18:1) 
0.8 12.328 577.5191 (999) [M+NH4]-NH3-C6H12O8S (sulfoquinovose); 
313.2743 (524) [16:0 acylium+C3H6O2]+; 339.2896 (492) 
[18:1 acyliumn+C3H6O2]+; 565.3044 (276) [M+NH4]-NH3-
16:0; 539.2882 (205) [M+NH4]-NH3-18:1; 595.5303 (124) 
[M+NH4]-NH3-C6H12O8S (sulfoquinovose)+H2O; 491.2669 
(67); 465.251 (45); 331.2851 (31); 803.5347 (23) [M+NH4]-
NH3-H2O; 265.2534 (22) [18:1 acylium]+; Truncated... 
94 SQDG 34:2 
[M+NH4]+ 
SQDG(16:0-
18:2) 
1.3 11.521 575.5023 (999) [M+NH4]-NH3-C6H12O8S (sulfoquinovose); 
313.2739 (666) [16:0 acylium+C3H6O2]+; 337.2738 (574) 
[18:2 acyliumn+C3H6O2]+; 563.2872 (340) [M+NH4]-NH3-
16:0; 539.2866 (225) [M+NH4]-NH3-18:2; 593.5123 (87) 
[M+NH4]-NH3-C6H12O8S (sulfoquinovose)+H2O; 263.2368 
(82) [18:2 acylium]+; Truncated... 
95 SQDG 34:3 
[M+NH4]+ 
SQDG(16:0-
18:3) 
2.1 10.654 573.4863 (999) [M+NH4]-NH3-C6H12O8S (sulfoquinovose); 
313.2733 (917) [16:0 acylium+C3H6O2]+; 335.2584 (814) 
[18:3 acyliumn+C3H6O2]+; 591.4976 (772) [M+NH4]-NH3-
C6H12O8S (sulfoquinovose)+H2O; 561.2713 (448) 
[M+NH4]-NH3-16:0; 539.2879 (281) [M+NH4]-NH3-18:3; 
261.22 (266) [18:3 acylium]+; 817.5109 (229) [M+NH4]-NH3; 
487.2349 (81); 243.2103 (60) [18:3 acylium-H2O]+; 
Truncated... 
96 SQDG 36:1 
[M+NH4]+ 
SQDG(18:0-
18:1) 
0.1 13.689 605.55 (999) [M+NH4]-NH3-C6H12O8S (sulfoquinovose); 
341.3043 (543) [18:0 acylium+C3H6O2]+; 339.2901 (508) 
[18:1 acyliumn+C3H6O2]+; 565.3031 (268) [M+NH4]-NH3-
18:0; 567.319 (150) [M+NH4]-NH3-18:1; 623.5567 (58) 
[M+NH4]-NH3-C6H12O8S (sulfoquinovose)+H2O; 359.3141 
(55); 493.2829 (38); 681.5729 (24); 781.5564 (21); 267.269 
(18) [18:0 acylium]+; Truncated... 
97 SQDG 36:2 
[M+NH4]+ 
SQDG(18:0-
18:2) 
0.1 12.774 603.5343 (999) [M+NH4]-NH3-C6H12O8S (sulfoquinovose); 
341.3048 (723) [18:0 acylium+C3H6O2]+; 337.2746 (546) 
[18:2 acyliumn+C3H6O2]+; 563.2871 (297) [M+NH4]-NH3-
18:0; 567.3209 (216) [M+NH4]-NH3-18:2; 263.236 (94) [18:2 
acylium]+; 621.5429 (85) [M+NH4]-NH3-C6H12O8S 
(sulfoquinovose)+H2O; Truncated... 
98 SQDG 36:3 
[M+NH4]+ 
SQDG(18:0-
18:3) 
0.3 12.033 601.5184 (999) [M+NH4]-NH3-C6H12O8S (sulfoquinovose); 
341.3051 (883) [18:0 acylium+C3H6O2]+; 619.5291 (763) 
[M+NH4]-NH3-C6H12O8S (sulfoquinovose)+H2O; 335.2584 
(673) [18:3 acyliumn+C3H6O2]+; 561.2723 (400) [M+NH4]-
NH3-18:0; 845.5443 (286) [M+NH4]-NH3; 567.3197 (268) 
[M+NH4]-NH3-18:3; 261.2212 (248) [18:3 acylium]+; 
Truncated... 
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99 SQDG 36:4 
[M+NH4]+ 
SQDG(18:2-
18:2) 
2.8 
 
10.823 617.5106 (999) [M+ NH4]-NH3- C6H12O8S (sulfoquinovose)+ 
H2O ; 599.5016 (821) [M+NH4]-NH3-C6H12O8S 
(sulfoquinovose); 337.273 (766) [18:2 acylium+ C3H6O2]+; 
563.2882 (486) [M+ NH4]-NH3-18:2; 843.5261 (313) [M+ 
NH4]-NH3; 802.5367 (113); 335.2561 (107); 339.289 (95); 
263.2361 (84) [18:2 acylium]+; 743.4583 (70); Truncated... 
100 SQDG 36:5 
[M+NH4]+ 
SQDG(18:2-
18:3) 
3.0 9.832 615.4962 (999) [M+NH4]-NH3-C6H12O8S 
(sulfoquinovose)+H2O; 337.2737 (445) [18:2 
acylium+C3H6O2]+; 597.4859 (372) [M+NH4]-NH3-
C6H12O8S (sulfoquinovose); 335.2585 (361) [18:3 
acyliumn+C3H6O2]+; 841.5105 (285) [M+NH4]-NH3; 
561.2709 (218) [M+NH4]-NH3-18:2; 563.2882 (198) 
[M+NH4]-NH3-18:3; 261.2217 (93) [18:3 acylium]+; 823.4997 
(48) [M+NH4]-NH3-H2O; 263.238 (38) [18:2 acylium]+; 
Truncated... 
101 SQDG 36:6 
[M+NH4]+ 
SQDG(18:2-
18:4) 
0.6 8.923 613.4817 (999) [M+NH4]-NH3-C6H12O8S 
(sulfoquinovose)+H2O; 335.2586 (728); 561.2731 (489); 
595.4719 (362) [M+NH4]-NH3-C6H12O8S (sulfoquinovose); 
839.4976 (294) [M+NH4]-NH3; 261.2216 (137); 337.2732 
(99) [18:2 acylium+C3H6O2]+; 333.2431 (60) [18:4 
acyliumn+C3H6O2]+; 821.484 (41) [M+NH4]-NH3-H2O; 
736.5348 (37); 487.2365 (33); 259.2047 (30) [18:4 
acylium]+; Truncated... 
102 SQDG 38:4 
[M+NH4]+ 
SQDG(18:3-
20:1) 
3.3 12.011 645.5455 (999) [M+NH4]-NH3-C6H12O8S 
(sulfoquinovose)+H2O; 627.5362 (873) [M+NH4]-NH3-
C6H12O8S (sulfoquinovose); 367.3211 (540) [20:1 
acyliumn+C3H6O2]+; 335.2585 (421) [18:3 
acylium+C3H6O2]+; 842.7098 (409); 561.272 (404) [M+NH4]-
NH3-20:1; 593.3361 (307) [M+NH4]-NH3-18:3; 261.222 (192) 
[18:3 acylium]+; Truncated... 
 PC    
103 PC 30:0 [M+H]+ 
PC(14:0-16:0) 
1.7 12.207 184.0733 (999) [C5H15NO4P]+; 591.5223 (29); 124.9991 
(16) [C2H6PO4]+; 450.2999 (8) [M+H]-16:0; 183.4936 (7); 
496.3383 (7) [M+H]-14:0+H2O; 523.474 (5) [M+H]-
C5H14NO4P; 671.6273 (4); 608.705 (4); 166.0611 (3); 
478.3215 (3) [M+H]-14:0; 589.5116 (3); 327.1766 (2); 
86.096 (2); 104.1062 (2) [C5H14ON]+; 349.345 (1); 
Truncated... 
104 PC 32:0 [M+H]+ 
PC(16:0-16:0) 
3.8 14.038 184.0725 (999) [C5H15NO4P]+; 124.9985 (16) [C2H6PO4]+; 
577.5139 (15); 496.3394 (6) [M+H]-16:0+H2O; 579.5155 (5); 
717.6656 (4); 478.3246 (4) [M+H]-16:0; 184.0893 (4); 
551.499 (3) [M+H]-C5H14NO4P; Truncated... 
105 PC 32:1 [M+H]+ 
PC(16:0-16:1) 
2.6 12.447 184.0736 (999) [C5H15NO4P]+; 591.6799 (16); 124.9996 
(12) [C2H6PO4]+; 577.5072 (8); 496.3375 (7) [M+H]-
16:1+H2O; 714.7409 (7); 617.5497 (6); 697.6046 (5); 
183.4945 (5); 575.4996 (4); 86.0967 (4); 166.0634 (3); 
549.4877 (2) [M+H]-C5H14NO4P; 478.3284 (2) [M+H]-16:1; 
185.0775 (2); 104.1083 (1) [C5H14ON]+; Truncated... 
106 PC 32:2 [M+H]+ 
PC(14:0-18:2) 
5.4 11.213 184.0733 (999) [C5H15NO4P]+; 124.9997 (13) [C2H6PO4]+; 
468.3057 (7) [M+H]-18:2+H2O; 86.0977 (4); 183.4942 (4); 
547.4716 (4) [M+H]-C5H14NO4P; 450.2953 (3) [M+H]-18:2; 
502.3266 (2) [M+H]-14:0; 166.0606 (2); 575.4907 (1); 
Truncated... 
107 PC 32:3 [M+H]+ 
PC(14:0-18:3) 
2.9 10.044 184.0738 (999) [C5H15NO4P]+; 195.0364 (629); 587.4942 
(61); 116.9685 (34); 124.9996 (12) [C2H6PO4]+; 468.3086 
(12) [M+H]-18:3+H2O; 554.3917 (10); 534.5061 (10); 
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586.4913 (9); 134.9782 (5); 183.4983 (5); 710.5517 (4); 
630.513 (4); 198.0459 (4); 566.5075 (4); 545.4572 (4) 
[M+H]-C5H14NO4P; 86.0965 (4); 518.3222 (3) [M+H]-
14:0+H2O; 500.3103 (3) [M+H]-14:0; Truncated... 
108 PC 33:4 
[M+NH4]+ 
PC(15:1-18:3) 
5.9 11.541 184.0728 (999) [C5H15NO4P]+; 124.9993 (15) [C2H6PO4]+; 
698.6777 (12); 497.3407 (8); 183.4928 (8); 86.0968 (7); 
496.3385 (6); 574.6866 (5); 574.4889 (4) [M+NH4]-
C5H14NO4P; 195.035 (4); 501.3181 (4); 166.0615 (3); 
479.3315 (2) [M+NH4]-18:3; 573.685 (2); 478.3262 (2); 
563.5384 (2); 104.1074 (2) [C5H14ON]+; Truncated... 
109 PC 34:1 [M+H]+ 
PC(16:0-18:1) 
4.0 13.911 184.0738 (999) [C5H15NO4P]+; 645.5808 (62); 185.0765 
(41); 125 (15) [C2H6PO4]+; 186.078 (13); 496.339 (7) 
[M+H]-18:1+H2O; 86.0976 (6); 504.3428 (6) [M+H]-16:0; 
Truncated... 
110 PC 34:2 [M+H]+ 
PC(16:0-18:2) 
2.0 12.532 184.0734 (999) [C5H15NO4P]+; 125.0003 (51) [C2H6PO4]+; 
496.3396 (48) [M+H]-18:2+H2O; 184.9792 (29); 183.4945 
(27); 86.0976 (22); 184.6473 (21); 502.3289 (19) [M+H]-
16:0; 184.7691 (17); 575.5024 (17) [M+H]-C5H14NO4P; 
478.3286 (13) [M+H]-18:2; 184.8779 (11); 166.063 (11); 
520.3394 (7) [M+H]-16:0+H2O; Truncated... 
111 PC 34:3 [M+H]+ 
PC(16:0-18:3) 
1.4 11.499 184.0729 (999) [C5H15NO4P]+; 124.9994 (27) [C2H6PO4]+; 
496.3392 (24) [M+H]-18:3+H2O; 697.6765 (18); 562.5375 
(13); 183.4934 (13); 86.0971 (12); 573.6837 (10); 500.3129 
(9) [M+H]-16:0; 573.4866 (9) [M+H]-C5H14NO4P; 478.3278 
(7) [M+H]-18:3; 166.0618 (5); 518.3229 (4) [M+H]-
16:0+H2O; Truncated... 
112 PC 35:4 
[M+NH4]+ 
PC(17:2-18:2) 
6.9 12.792 184.0734 (999) [C5H15NO4P]+; 124.9998 (18) [C2H6PO4]+; 
183.4926 (7); 86.0971 (7); 523.3579 (6); 521.3421 (5); 
602.5217 (5) [M+NH4]-C5H14NO4P; 522.3548 (4); 
186.0776 (4); 520.3388 (4); 166.0621 (3); 503.3318 (3); 
505.3488 (3) [M+NH4]-18:2; Truncated... 
113 PC 36:1 [M+H]+ 
PC(18:0-18:1) 
1.8 15.97 184.0735 (999) [C5H15NO4P]+; 124.9997 (12) [C2H6PO4]+; 
524.3687 (11) [M+H]-18:1+H2O; 183.4931 (6); 86.0972 (4); 
504.3459 (4) [M+H]-18:0; 605.5477 (3) [M+H]-C5H14NO4P; 
506.3626 (3) [M+H]-18:1; Truncated... 
114 PC 36:2 [M+H]+ 
PC(18:0-18:2) 
0.8 14.507 184.0731 (999) [C5H15NO4P]+; 124.9995 (26) [C2H6PO4]+; 
524.3707 (23) [M+H]-18:2+H2O; 183.4934 (14); 502.3276 
(11) [M+H]-18:0; 603.5331 (10) [M+H]-C5H14NO4P; 
86.0972 (9); 506.3589 (6) [M+H]-18:2; Truncated... 
115 PC 36:3 [M+H]+ 
PC(18:1-18:2) 
1.4 12.94 184.0737 (999) [C5H15NO4P]+; 125 (16) [C2H6PO4]+; 
590.6895 (9); 522.3556 (8) [M+H]-18:2+H2O; 185.076 (8); 
520.339 (7) [M+H]-18:1+H2O; 183.4931 (7); 86.097 (6); 
502.3297 (6) [M+H]-18:1; Truncated... 
116 PC 36:4 [M+H]+ 
PC(18:2-18:2) 
1.6 11.699 184.0733 (999) [C5H15NO4P]+; 520.3384 (43) [M+H]-
18:2+H2O; 125.0001 (39) [C2H6PO4]+; 502.3287 (25) 
[M+H]-18:2; 183.494 (18); 86.0977 (15); 599.5006 (14) 
[M+H]-C5H14NO4P; Truncated... 
117 PC 36:5 [M+H]+ 
PC(18:2-18:3) 
1.0 10.747 184.0737 (999) [C5H15NO4P]+; 125.0003 (27) [C2H6PO4]+; 
520.3401 (16) [M+H]-18:3+H2O; 518.3242 (14) [M+H]-
18:2+H2O; 183.4945 (12); 86.0976 (11); 500.3138 (9) 
[M+H]-18:2; 502.33 (9) [M+H]-18:3; Truncated... 
118 PC 36:6 [M+H]+ 
PC(18:3-18:3) 
2.0 9.277 184.0738 (999) [C5H15NO4P]+; 666.6391 (75); 518.3237 
(14) [M+H]-18:3+H2O; 125.0002 (11) [C2H6PO4]+; 500.3133 
(8) [M+H]-18:3; Truncated... 
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119 PC 38:2 [M+H]+ 
PC(18:2-20:0) 
0.6 16.575 184.0733 (999) [C5H15NO4P]+; 796.6567 (165); 603.0298 
(72); 621.0386 (71); 634.6045 (49); 797.0558 (47); 
427.0143 (34); 616.5922 (30); 652.6218 (23); 633.5979 
(17); 263.2569 (10); 552.4015 (10) [M+H]-18:2+H2O; 
615.5896 (8); 262.2526 (8); 124.9996 (8) [C2H6PO4]+; 
797.626 (7); 502.3276 (6) [M+H]-20:0; Truncated... 
120 PC 38:3 [M+H]+ 
PC(18:2-20:1) 
0.5 14.511 184.0732 (999) [C5H15NO4P]+; 550.3843 (10) [M+H]-
18:2+H2O; 124.9993 (10) [C2H6PO4]+; 183.4935 (6); 
195.0368 (6); 517.3881 (5); 786.594 (5); 502.3282 (4) 
[M+H]-20:1; Truncated... 
121 PC 38:4 [M+H]+ 
PC(18:2-20:2) 
1.2 13.258 184.0735 (999) [C5H15NO4P]+; 607.7067 (20); 616.5847 
(16); 124.9994 (10) [C2H6PO4]+; 183.4955 (8); 550.388 (7); 
548.37 (6) [M+H]-18:2+H2O; Truncated... 
122 PC 38:5 [M+H]+ 
PC(18:2-20:3) 
0.9 11.975 184.0735 (999) [C5H15NO4P]+; 696.677 (316); 749.4506 
(30); 756.7458 (14); 694.6678 (14); 790.5901 (9) [M+H]-
H2O; 790.6564 (9); 749.4795 (6); 790.6217 (4); 696.7037 
(4); 124.9999 (4) [C2H6PO4]+; Truncated... 
123 PC 40:2 [M+H]+ 
PC(18:2-22:0) 
4.8 18.507 184.0728 (999) [C5H15NO4P]+; 824.6839 (673); 662.6331 
(215); 644.6216 (151); 680.6486 (93); 630.9899 (77); 
661.6275 (66); 643.6178 (58); 262.2518 (44); 263.2552 
(36); 642.6085 (24); 657.5774 (22); 646.6262 (16); 
662.6539 (11); 660.6232 (11); 454.9709 (11); 580.4262 (10) 
[M+H]-18:2+H2O; 823.6731 (10); 824.7198 (10); 659.5928 
(7) [M+H]-C5H14NO4P; Truncated... 
124 PC 40:4 [M+H]+ 
PC(18:3-22:1) 
6.4 14.800 184.0728 (999) [C5H15NO4P]+; 500.3252 (548) [M+H]-22:1; 
207.9936 (442); 718.5996 (329); 644.6186 (312); 631.5678 
(308); 626.9917 (307); 848.8463 (179); 821.0349 (176); 
751.5015 (168); Truncated... 
 LPC    
125 LPC 16:0 [M+H]+ 
PC(16:0-0:0) 
0.7 2.795 184.0735 (999) [C5H15NO4P]+; 478.3304 (403) [M+H]-H2O; 
104.1074 (187) [C5H14NO]+; 313.2757 (66) [16:0 
acylium+C3H6O2]+; 125.0001 (29) [C2H6PO4]+; 258.1121 
(24) [M+H]-16:0+H2O; Truncated... 
126 LPC 18:0 [M+H]+ 
PC(18:0-0:0) 
4.2 5.025 184.0727 (999) [C5H15NO4P]+; 506.3605 (435) [M+H]-H2O; 
104.1064 (182) [C5H14NO]+; 341.3017 (110) [18:0 
acylium+C3H6O2]+; 258.112 (24) [M+H]-18:0+H2O 
127 LPC 18:1 [M+H]+ 
PC(18:1-0:0) 
2.7 3.452 184.0724 (999) [C5H15NO4P]+; 504.3442 (339) [M+H]-H2O; 
104.1066 (133) [C5H14NO]+; 339.2892 (50) [18:1 
acylium+C3H6O2]+; Truncated... 
128 LPC 18:2 [M+H]+ 
PC(18:2-0:0) 
5.3 1.58 184.0728 (999) [C5H15NO4P]+; 502.3281 (165) [M+H]-H2O; 
104.1071 (58) [C5H14NO]+; 124.9997 (33) [C2H6PO4]+; 
337.2725 (14) [18:2 acylium+C3H6O2]+; 86.097 (13); 
503.3041 (12); 258.1091 (9) [M+H]-18:2+H2O; Truncated... 
 PE    
129 PE 32:2 [M+ H]+ 
PE(18:2-14:0) 
0.4 10.281 547.4729 (999) [M+ H]-phosphoryl ethanolamine; 653.4596 
(13); 337.2728 (6) [18:2 acylium+C3H6O2]+; 653.4961 (6); 
285.242 (4) [14:0 acylium+C3H6O2]+; 263.2361 (3) [18:2 
acylium]+; Truncated... 
130 PE 33:3 [M+ H]+ 
PE(15:1-18:2) 
1.9 10.133 559.4709 (999) [M+ H]-phosphoryl ethanolamine; 337.2737 
(35) [18:2 acylium+C3H6O2]+; 602.5196 (20); 585.4849 (7); 
263.2369 (5) [18:2 acylium]+; 263.2551 (4); 121.0996 (3); 
682.52 (3); 682.5476 (3); 205.1936 (3) [15:1 acylium-H2O]+; 
Truncated... 
131 PE 34:1 [M+ H]+ 
PE(16:0-18:1) 
7.4 13.666 577.516 (999) [M+ H]-phosphoryl ethanolamine; 603.5305 
(36); 239.2348 (4) [16:0 acylium]+; 265.2493 (3) [18:1 
314 
Index Lipid class,  
Brutto Species, 
Adduct and 
major Molecular 
Species 
ppm RT 
(min) 
Annotations 
acylium]+; 454.2937 (2) [M+ H]-18:1 H2O; 575.6739 (2); 
339.2841 (2) [18:1 acylium+C3H6O2]+; Truncated... 
132 PE 34:2 [M+ H]+ 
PE(16:0-18:2) 
1.4 12.288 575.5023 (999) [M+ H]-phosphoryl ethanolamine; 306.2801 
(22); 239.2376 (18) [16:0 acylium]+; 263.2378 (17) [18:2 
acylium]+; 337.2746 (17) [18:2 acylium+C3H6O2]+; 
Truncated... 
133 PE 34:3 [M+ H]+ 
PE(16:0-18:3) 
1.6 11.243 573.487 (999) [M+ H]-phosphoryl ethanolamine; 599.4944 
(9); 304.2633 (6); 335.2578 (5) [18:3 acylium+C3H6O2]+; 
239.2371 (5) [16:0 acylium]+; 571.6566 (4); 696.5398 (4); 
313.2744 (3) [16:0 acylium+C3H6O2]+; Truncated... 
134 PE 36:1 [M+ H]+ 
PE(18:0-18:1) 
8.5 15.591 605.5486 (999) [M+ H]-phosphoryl ethanolamine; 631.5643 
(185); 605.6935 (41); 553.3884 (37); 427.2529 (13); 
700.4482 (10); 195.0349 (10); 339.2913 (9) [18:1 
acylium+C3H6O2]+; 224.0871 (8); 604.5278 (8); 227.1974 
(7); 463.4261 (7); 267.2656 (6) [18:0 acylium]+; Truncated... 
135 PE 36:2 [M+ H]+ 
PE(18:0-18:2) 
1.4 13.734 603.5332 (999) [M+ H]-phosphoryl ethanolamine; 603.6814 
(11); 306.2784 (5); 341.305 (4) [18:0 acylium+C3H6O2]+; 
482.3221 (3) [M+ H]-18:2 H2O; 263.2366 (3) [18:2 acylium]+; 
337.2734 (3) [18:2 acylium+C3H6O2]+; Truncated... 
136 PE 36:3 [M+ H]+ 
PE(18:1-18:2) 
3.4 12.292 601.5182 (999) [M+ H]-phosphoryl ethanolamine; 195.0351 
(15); 337.2746 (6) [18:2 acylium+C3H6O2]+; 265.2509 (5) 
[18:1 acylium]+; 724.5723 (5); 263.2342 (4) [18:2 acylium]+; 
339.2892 (3) [18:1 acylium+C3H6O2]+; Truncated... 
137 PE 36:4 [M+ H]+ 
PE(18:2-18:2) 
2.2 10.815 599.5024 (999) [M+ H]-phosphoryl ethanolamine; 263.2375 
(12) [18:2 acylium]+; 337.2743 (12) [18:2 
acylium+C3H6O2]+; 306.2799 (11); 597.5876 (7); 478.2931 
(6); 460.2824 (5) [M+ H]-18:2 H2O; Truncated... 
138 PE 36:5 [M+ H]+ 
PE(18:2-18:3) 
2.8 9.732 597.4858 (999) [M+ H]-phosphoryl ethanolamine; 544.4899 
(27); 337.2708 (7) [18:2 acylium+C3H6O2]+; 263.2358 (3) 
[18:2 acylium]+; 335.2582 (3) [18:3 acylium+C3H6O2]+; 
Truncated... 
139 PE 36:6 [M+ H]+ 
PE(18:3-18:3) 
5.1 7.942 595.4705 (999) [M+ H]-phosphoryl ethanolamine; 304.2618 
(7); 335.2579 (7) [18:3 acylium+C3H6O2]+; 261.2192 (6) 
[18:3 acylium]+; Truncated... 
140 PE 38:2 [M+ H]+ 
PE(18:2-20:0) 
0.7 16.12 631.5648 (999) [M+ H]-phosphoryl ethanolamine; 369.3349 
(6) [20:0 acylium+C3H6O2]+; 453.3595 (4); 337.2724 (4) 
[18:2 acylium+C3H6O2]+; Truncated... 
141 PE 38:3 [M+ H]+ 
PE(18:3-20:0) 
7.9 14.687 629.5475 (999) [M+ H]-phosphoryl ethanolamine; 655.5604 
(15); 456.4185 (14); 369.3344 (3) [20:0 acylium+C3H6O2]+; 
295.2991 (3) [20:0 acylium]+; 304.2588 (2); 458.2629 (2) 
[M+ H]-18:3 H2O; Truncated... 
142 PE 38:4 [M+ H]+ 
PE(18:2-20:2) 
4.5 12.79 627.5333 (999) [M+ H]-phosphoryl ethanolamine; 579.5241 
(241); 578.5226 (49); 577.5175 (32); 756.7491 (31); 
780.5495 (28); 751.5399 (15); 551.5033 (13); 697.6728 (3); 
574.5417 (3); 304.2619 (3); 508.335 (2); 597.485 (2); 
293.2823 (2); 551.5155 (2); 365.3004 (2) [20:2 
acylium+C3H6O2]+; 625.5265 (2); 291.2651 (1) [20:2 
acylium]+; Truncated... 
143 PE 38:5 [M+ H]+ 
PE(18:2-20:3) 
0.2 11.251 625.5179 (999) [M+ H]-phosphoryl ethanolamine; 572.5212 
(36); 184.0734 (34); 572.3871 (19); 437.4071 (11); 577.501 
(11); 576.4909 (6); 575.4961 (5); 623.5194 (4); 574.4897 
(4); 571.5183 (3); 337.2721 (2) [18:2 acylium+C3H6O2]+; 
306.2765 (2); 291.2718 (2); 263.2343 (2) [18:2 acylium]+; 
553.3855 (2); 483.3804 (2); 345.2779 (1) [20:3 
acylium+C3H6O2-H2O]+; Truncated... 
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144 PE 40:2 [M+ H]+ 
PE(22:0-18:2) 
0.5 18.022 659.5953 (999) [M+ H]-phosphoryl ethanolamine; 217.0179 
(122); 411.0464 (81); 412.0502 (64); 413.0531 (31); 
606.0749 (17); 453.357 (9); 306.2776 (7); 607.0789 (5); 
605.0717 (5); 538.3816 (4) [M+ H]-18:2 H2O; 337.2747 (4) 
[18:2 acylium+C3H6O2]+; Truncated... 
145 PE 40:3 [M+ H]+ 
PE(18:3-22:0) 
0.8 16.569 657.5808 (999) [M+ H]-phosphoryl ethanolamine; 411.046 
(277); 217.0179 (115); 605.0755 (46); 484.4509 (43); 
700.6209 (14); 587.0597 (12); 780.6324 (11); 393.0354 (9); 
304.2629 (5); 335.2547 (4) [18:3 acylium+C3H6O2]+; 
520.3755 (3) [M+ H]-18:3; 636.5961 (3); 618.5795 (2); 
605.0324 (2); 397.3679 (2) [22:0 acylium+C3H6O2]+; 
Truncated... 
146 PE 42:1 [M+ H]+ 
PE(24:0-18:1) 
4.9 20.517 689.6414 (999) [M+ H]-phosphoryl ethanolamine; 715.6556 
(87); 566.4194 (5) [M+ H]-18:1 H2O; 308.294 (4); 425.3968 
(4) [24:0 acylium+C3H6O2]+; 265.2511 (3) [18:1 acylium]+; 
339.2897 (2) [18:1 acylium+C3H6O2]+; 687.4702 (2); 
813.631 (2); 689.6854 (1); 548.4029 (1) [M+ H]-24:0 H2O; 
Truncated... 
147 PE 42:2 [M+ H]+ 
PE(18:2-24:0) 
4.6 19.614 687.6267 (999) [M+ H]-phosphoryl ethanolamine; 337.2729 
(5) [18:2 acylium+C3H6O2]+; 319.2587 (2) [18:2 
acylium+C3H6O2-H2O]+; 688.6344 (2); 263.2364 (2) [18:2 
acylium]+; Truncated... 
148 PE 42:3 [M+ H]+ 
PE(24:0-18:3) 
1.9 18.564 685.6127 (999) [M+ H]-phosphoryl ethanolamine; 512.4768 
(17); 808.667 (14); 566.4217 (4) [M+ H]-18:3 H2O; 335.2609 
(4) [18:3 acylium+C3H6O2]+; Truncated... 
149 PE 44:1 [M+ H]+ 
PE(18:1-26:0) 
1.9 21.262 717.6753 (999) [M+ H]-phosphoryl ethanolamine; 743.6905 
(741); 841.6642 (34); 561.4281 (8); 481.462 (5); 265.2517 
(4) [18:1 acylium]+; 195.037 (4); 263.239 (3); 308.2953 (3); 
594.445 (3) [M+ H]-26:0; 417.2368 (2); 840.7772 (2); 
715.3883 (2); 397.3836 (2); 576.4394 (2) [M+ H]-18:1; 
339.2888 (2) [18:1 acylium+C3H6O2]+; Truncated... 
150 PE 44:2 [M+ H]+ 
PE(26:0-18:2) 
0.0 20.771 715.6597 (999) [M+ H]-phosphoryl ethanolamine; 306.2793 
(5); 337.2755 (3) [18:2 acylium+C3H6O2]+; 594.4431 (3) [M+ 
H]-18:2 H2O; 263.2373 (2) [18:2 acylium]+; 453.4299 (2) 
[26:0 acylium+C3H6O2]+; 576.4376 (2) [M+ H]-26:0 H2O; 
713.3833 (1); 319.2629 (1) [18:2 acylium+C3H6O2-H2O]+; 
Truncated... 
151 PE 44:3 [M+ H]+ 
PE(18:3-26:0) 
0.1 20.145 713.6426 (999) [M+ H]-phosphoryl ethanolamine; 661.0024 
(3); 819.6964 (3); 576.4721 (3); 660.5751 (3); 836.693 (2); 
397.379 (2); 335.2534 (2) [18:3 acylium+C3H6O2]+; 
317.2471 (2) [18:3 acylium+C3H6O2-H2O]+; 713.5931 (2); 
713.6851 (2); 701.6378 (2); 493.382 (2); 217.0164 (2); 
304.2667 (1); 836.6419 (1) [M+ H]-H2O; 837.0106 (1); 
453.4334 (1) [26:0 acylium+C3H6O2]+; Truncated... 
 PS    
152 PS 34:2 [M+H]+ 
PS(16:0-18:2) 
6.1 11.747 575.4997 (999) [M+H]-phosphoryl serine; 350.2671 (10); 
184.0727 (8); 337.2723 (7) [18:2 acylium+C3H6O2]+; 
313.2727 (6) [16:0 acylium+C3H6O2]+; 263.2355 (5) [18:2 
acylium]+; 239.2363 (5) [16:0 acylium]+; 186.0769 (4); 
573.6664 (4); 498.2796 (4) [M+H]-18:2+H2O; 185.0761 (3); 
480.2692 (3) [M 
153 PS 34:3 [M+H]+ 
PS(16:0-18:3) 
1.4 11.018 573.4873 (999) [M+H]-phosphoryl serine; 335.2607 (6) 
[18:3 acylium+C3H6O2]+; 239.2356 (6) [16:0 acylium]+; 
348.2532 (5); 503.1095 (5); 281.0514 (3); 326.2665 (3); 
317.2474 (2) [18:3 acylium+C3H6O2-H2O]+; Truncated... 
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154 PS 36:2 [M+H]+ 
PS(18:0-18:2) 
1.0 13.077 603.5336 (999) [M+H]-phosphoryl serine; 626.5706 (130); 
608.5611 (47); 350.2682 (11); 590.5491 (6); 184.0714 (5); 
263.2368 (4) [18:2 acylium]+; 341.3036 (4) [18:0 
acylium+C3H6O2]+; 337.2725 (4) [18:2 acylium+C3H6O2]+; 
186.0777 (3); 262.2524 (3); 526.3143 (3) [M+H]-18:2+H2O; 
Truncated... 
155 PS 36:3 [M+H]+ 
PS(18:0-18:3) 
1.0 12.262 601.5191 (999) [M+H]-phosphoryl serine; 184.0734 (18); 
526.3129 (9) [M+H]-18:3+H2O; 348.2512 (8); 599.6019 (6); 
186.079 (6); 508.2993 (4) [M+H]-18:3; 756.7515 (3); 
751.6138 (3); 341.3045 (2) [18:0 acylium+C3H6O2]+; 
Truncated... 
156 PS 36:5 [M+H]+ 
PS(18:2-18:3) 
3.1 10.219 597.4835 (999) [M+H]-phosphoryl serine; 603.4918 (231); 
585.4845 (209); 325.2722 (55); 335.2556 (39) [18:3 
acylium+C3H6O2]+; 532.4092 (35); 281.2478 (32); 546.5053 
(31); 261.2195 (25) [18:3 acylium]+; 323.2555 (24); 
337.2727 (21) [18:2 acylium+C3H6O2]+; Truncated... 
157 PS 38:1 [M+H]+ 
PS(18:1-20:0) 
0.2 15.627 633.5812 (999) [M+H]-phosphoryl serine; 656.6156 (342); 
638.6067 (129); 655.6036 (22); 637.5946 (16); 620.5928 
(14); 654.6017 (10); 282.2777 (8); 521.3844 (6); 339.2898 
(5) [18:1 acylium+C3H6O2]+; 800.6605 (5); 631.5657 (4); 
352.2835 (4); 575.4976 (4); 545.3809 (4); 369.3379 (3) 
[20:0 acylium+C3H6O2]+; Truncated... 
158 PS 38:2 [M+H]+ 
PS(18:2-20:0) 
1.8 14.542 631.5655 (999) [M+H]-phosphoryl serine; 654.6023 (26); 
636.5915 (11); 350.2699 (9); 369.3365 (6) [20:0 
acylium+C3H6O2]+; 337.2742 (6) [18:2 acylium+C3H6O2]+; 
554.3459 (4) [M+H]-18:2+H2O; 629.5472 (4); 263.2378 (3) 
[18:2 acylium]+ Truncated... 
159 PS 38:3 [M+H]+ 
PS(18:2-20:1) 
6.9 13.122 629.5469 (999) [M+H]-phosphoryl serine; 603.0267 (137); 
621.0384 (105); 797.0523 (91); 427.0103 (73); 652.5817 
(17); 339.2871 (10); 350.2688 (8); 411.042 (5); 779.5917 
(5); 552.3231 (4) [M+H]-18:2+H2O; 763.6016 (4); 745.5907 
(4); 634.5712 (3); 575.5013 (3); 263.2326 (3) [18:2 
acylium]+; Truncated... 
160 PS 38:4 [M+H]+ 
PS(18:2-20:2) 
7.7 12.178 627.5346 (999) [M+H]-phosphoryl serine; 551.5041 (799); 
313.2743 (695); 539.2892 (354); 465.2509 (100); 569.5126 
(68); 331.2836 (40); 239.2364 (21); 257.2472 (9); 777.5114 
(7); 586.5422 (7); 576.5562 (7); 795.5444 (7); 262.0506 (6); 
350.2733 (5); 337.2724 (5) [18:2 acylium+C3H6O2]+; 
347.2972 (5) [20:2 acylium+C3H6O2-H2O]+; Truncated... 
161 PS 39:2 [M+H]+ 
PS(18:2-21:0) 
2.1 15.169 645.5822 (999) [M+H]-phosphoryl serine; 337.2709 (6) 
[18:2 acylium+C3H6O2]+; 619.0056 (6); 263.2323 (4) [18:2 
acylium]+; 483.3658 (3); 618.0016 (3); 195.0351 (3); 
568.3606 (2) [M+H]-18:2+H2O; Truncated... 
162 PS 39:3 [M+H]+ 
PS(18:3-21:0) 
4.2 14.188 643.5653 (999) [M+H]-phosphoryl serine; 666.6012 (34); 
648.5936 (12); 379.3939 (11); 782.5037 (11); 348.2546 (7); 
383.3511 (5) [21:0 acylium+C3H6O2]+; 739.447 (4); 716.649 
(4); 335.2575 (4) [18:3 acylium+C3H6O2]+; 568.3577 (3) 
[M+H]-18:3+H2O; 663.448 (3); 713.6414 (2); 687.6169 (2); 
504.345 (2); 165.1125 (2); 317.2431 (2) [18:3 
acylium+C3H6O2-H2O]+; Truncated... 
163 PS 40:1 [M+H]+ 
PS(18:1-22:0) 
4.2 17.255 661.6097 (999) [M+H]-phosphoryl serine; 684.6377 (243); 
666.6257 (83); 683.6324 (71); 682.6304 (28); 665.6228 
(27); 648.6152 (13); 664.6182 (11); 647.6174 (5); 352.2819 
(5); 280.2603 (4); 339.2893 (4) [18:1 acylium+C3H6O2]+; 
397.3676 (3) [22:0 acylium+C3H6O2]+; Truncated... 
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164 PS 40:2 [M+H]+ 
PS(18:2-22:0) 
5.1 15.939 659.5935 (999) [M+H]-phosphoryl serine; 350.2682 (13); 
337.2731 (8) [18:2 acylium+C3H6O2]+; 397.3668 (8) [22:0 
acylium+C3H6O2]+; 657.4872 (7); 582.3733 (6) [M+H]-
18:2+H2O; 263.2362 (5) [18:2 acylium]+; 564.3625 (4) 
[M+H]-18:2; 477.3323 (4); 410.3618 (3); 323.3304 (2) [22:0 
acylium]+; Truncated... 
165 PS 40:3 [M+H]+ 
PS(18:2-22:1) 
1.6 14.545 657.5814 (999) [M+H]-phosphoryl serine; 350.2647 (10); 
782.5625 (10); 662.6104 (9); 680.6191 (7); 337.2737 (6) 
[18:2 acylium+C3H6O2]+; 657.6188 (5); 321.3148 (4) [22:1 
acylium]+; 648.5534 (3); 562.346 (3) [M+H]-18:2; 
Truncated... 
166 PS 41:2 [M+H]+ 
PS(18:2-23:0) 
3.2 16.903 673.6126 (999) [M+H]-phosphoryl serine; 195.0362 (23); 
411.3838 (6) [23:0 acylium+C3H6O2]+; 350.2678 (5); 
263.2381 (4) [18:2 acylium]+; 337.2737 (3) [18:2 
acylium+C3H6O2]+; 424.3764 (3); 596.3898 (2) [M+H]-
18:2+H2O; Truncated... 
167 PS 41:3 [M+H]+ 
PS(18:3-23:0) 
1.1 15.83 671.5962 (999) [M+H]-phosphoryl serine; 335.2568 (8) 
[18:3 acylium+C3H6O2]+; 348.2527 (6); 671.6377 (4); 
596.3901 (3) [M+H]-18:3+H2O; 411.3845 (2) [23:0 
acylium+C3H6O2]+; Truncated... 
168 PS 42:2 [M+H]+ 
PS(18:2-24:0) 
4.5 17.653 687.6257 (999) [M+H]-phosphoryl serine; 425.3979 (8) 
[24:0 acylium+C3H6O2]+; 350.2678 (7); 195.0348 (7); 
678.5966 (4); 685.4595 (3); 678.5427 (3); 592.4005 (3) 
[M+H]-18:2; 505.3608 (3); 351.3634 (2) [24:0 acylium]+; 
337.2729 (2) [18:2 acylium+C3H6O2]+; 610.3988 (2) [M+H]-
18:2+H2O; Truncated... 
169 PS 42:3 [M+H]+ 
PS(18:3-24:0) 
5.4 16.573 685.6124 (999) [M+H]-phosphoryl serine; 676.5849 (172); 
729.638 (16); 708.6436 (14); 217.0198 (10); 348.2527 (8); 
676.5118 (5); 685.6472 (4); 824.5299 (4); 610.4012 (2) 
[M+H]-18:3+H2O; 335.2578 (2) [18:3 acylium+C3H6O2]+; 
Truncated... 
170 PS 44:2 [M+H]+ 
PS(18:2-26:0) 
1.4 19.178 715.6586 (999) [M+H]-phosphoryl serine; 840.5483 (50); 
573.4862 (17); 849.697 (16); 871.5674 (10); 865.685 (10); 
627.4623 (9); 609.4489 (9); 882.7122 (8); 575.5027 (7); 
587.4638 (7); 593.4538 (7); 706.6306 (7); 453.4312 (6) 
[26:0 acylium+C3H6O2]+; 571.4709 (5); 350.2685 (5); 
847.6749 (5); 337.2742 (5) [18:2 acylium+C3H6O2]+; 
Truncated... 
 LPS    
171 LPS 20:0 [M+H]+ 
PS(20:0-0:0) 
5.7 6.677 369.334 (999) [20:0 acylium+C3H6O2]+; 217.0165 (511); 
449.3022 (286); 519.4742 (176); 453.1794 (164); 382.334 
(75); 355.0635 (73); 536.337 (45) [M+H]-H2O; 297.0804 
(33); 114.0891 (20) 
172 LPS 22:0 [M+H]+ 
PS(22:0-0:0) 
1.9 8.052 397.3684 (999) [22:0 acylium+C3H6O2]+; 477.3345 (193); 
564.368 (145) [M+H]-H2O; 410.3622 (74); 565.4022 (51); 
211.0078 (44); 155.0118 (42); 565.5174 (36); 88.0395 (29); 
209.0079 (18); 547.5048 (14); 237.0794 (14); 155.0173 
(11); 145.0473 (11); 547.4392 (7); 283.2593 (5); 123.1148 
(3); 60.0468 (2) 
 PG    
173a PG 32:0 [M+H]+ 
PG(16:0-16:0) 
0.1 12.791 551.5029 (999) [M+H]-phosphoryl glycerol; 313.2734 (28) 
[16:0 acylium+C3H6O2]+; 239.2368 (12) [16:0 acylium]+; 
Truncated... 
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173b PG 32:0 
[M+NH4]+ 
PG(16:0-16:0) 
0.7 12.776 551.5025 (999) [M+NH4]-NH3-phosphoryl glycerol; 599.5021 
(51); 723.5168 (48) [M+NH4]-NH3; 313.2738 (18) [16:0 
acylium+C3H6O2]+; 239.2365 (10) [16:0 acylium]+; 
Truncated... 
174 PG 34:0 
[M+NH4]+ 
PG(16:0-18:0) 
1.2 14.134 579.5336 (999) [M+NH4]-NH3-phosphoryl glycerol; 751.5463 
(52) [M+NH4]-NH3; 313.2733 (11) [16:0 acylium+C3H6O2]+; 
627.531 (7); 184.0732 (5); 341.3045 (4) [18:0 
acylium+C3H6O2]+; 239.2361 (3) [16:0 acylium]+; 
Truncated... 
175a PG 34:1 [M+H]+ 
PG(16:0-18:1) 
1.9 12.935 577.5184 (999) [M+H]-phosphoryl glycerol; 313.2736 (22) 
[16:0 acylium+C3H6O2]+; 339.2882 (13) [18:1 
acylium+C3H6O2]+; 184.0727 (12); 608.7101 (8); 555.3919 
(6); 265.2516 (5) [18:1 acylium]+; Truncated... 
175b PG 34:1 
[M+NH4]+ 
PG(16:0-18:1) 
1.5 12.915 577.5183 (999) [M+NH4]-NH3-phosphoryl glycerol; 749.5318 
(60) [M+NH4]-NH3; 313.2741 (12) [16:0 acylium+C3H6O2]+; 
339.2892 (5) [18:1 acylium+C3H6O2]+; 265.2524 (4) [18:1 
acylium]+; Truncated... 
176a PG 34:2 [M+H]+ 
PG(16:0-18:2) 
1.3 11.992 575.5032 (999) [M+H]-phosphoryl glycerol; 553.3888 (42); 
337.2739 (19) [18:2 acylium+C3H6O2]+; 313.2741 (16) [16:0 
acylium+C3H6O2]+; 239.2369 (7) [16:0 acylium]+; 313.1821 
(6); 393.2384 (6); 263.237 (5) [18:2 acylium]+; Truncated... 
176b PG 34:2 
[M+NH4]+ 
PG(16:0-18:2) 
1.8 11.973 575.5027 (999) [M+NH4]-NH3-phosphoryl glycerol; 747.5165 
(59) [M+NH4]-NH3; 313.2726 (7) [16:0 acylium+C3H6O2]+; 
337.2738 (6) [18:2 acylium+C3H6O2]+; Truncated... 
177a PG 34:3 [M+H]+ 
PG(16:0-18:3) 
3.6 11.203 573.4878 (999) [M+H]-phosphoryl glycerol; 313.2743 (19) 
[16:0 acylium+C3H6O2]+; 335.2567 (16) [18:3 
acylium+C3H6O2]+; 393.2398 (9); 317.2476 (9) [18:3 
acylium+C3H6O2-H2O]+; 599.5006 (6); 727.4911 (6) [M+H]-
H2O; Truncated... 
177b PG 34:3 
[M+NH4]+ 
PG(16:0-18:3) 
1.2 11.262 573.4869 (999) [M+NH4]-NH3-phosphoryl glycerol; 745.5 
(57) [M+NH4]-NH3; 313.2733 (12) [16:0 acylium+C3H6O2]+; 
719.4605 (8); 621.483 (8); 335.2571 (5) [18:3 
acylium+C3H6O2]+; 239.2361 (3) [16:0 acylium]+; 
Truncated... 
178 PG 36:2 
[M+NH4]+ 
PG(18:1-18:1) 
4.5 13.114 603.5345 (999) [M+NH4]-NH3-phosphoryl glycerol; 607.7068 
(221); 775.5463 (103) [M+NH4]-NH3; 607.5457 (18); 
605.5365 (14); 775.5766 (8); 313.2742 (7); 601.5212 (5); 
239.2371 (5); 265.2533 (4) [18:1 acylium]+; 335.2546 (3); 
265.2505 (3) [18:1 acylium]+; Truncated... 
179 PG 36:4 
[M+NH4]+ 
PG(18:2-18:2) 
0.8 11.245 599.5022 (999) [M+NH4]-NH3-phosphoryl glycerol; 771.5161 
(88) [M+NH4]-NH3; 337.2746 (15) [18:2 acylium+C3H6O2]+; 
577.5183 (6); 573.4894 (6); 771.5358 (5) [M+NH4]-NH3; 
263.2356 (3) [18:2 acylium]+; Truncated... 
 PI    
180a PI 34:1 [M+H]+ 
PI(16:0-18:1) 
3.0 12.521 577.5164 (999) [M+H]-phosphoryl inositol; 313.2736 (8) 
[16:0 acylium+C3H6O2]+; 339.2881 (4) [18:1 
acylium+C3H6O2]+; 819.5339 (4) [M+H]-H2O; 265.2516 (4) 
[18:1 acylium]+; 575.671 (3); 427.3022 (2); 239.2357 (2) 
[16:0 acylium]+; Truncated... 
180b PI 34:1 [M+NH4]+ 
PI(16:0-18:1) 
0.5 12.558 577.5189 (999) [M+NH4]-NH3-phosphoryl inositol; 837.5483 
(84) [M+NH4]-NH3; 313.2734 (3) [16:0 acylium+C3H6O2]+; 
339.2896 (3) [18:1 acylium+C3H6O2]+; 575.6754 (3); 
837.5727 (2) [M+NH4]-NH3; 265.2534 (2) [18:1 acylium]+; 
Truncated... 
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181a PI 34:2 [M+H]+ 
PI(16:0-18:2) 
2.7 11.714 575.5044 (999) [M+H]-phosphoryl inositol; 313.2743 (9) 
[16:0 acylium+C3H6O2]+; 337.2744 (6) [18:2 
acylium+C3H6O2]+; 817.5204 (5) [M+H]-H2O; 239.236 (3) 
[16:0 acylium]+; 263.2363 (2) [18:2 acylium]+; Truncated... 
181b PI 34:2 [M+NH4]+ 
PI(16:0-18:2) 
0.5 11.748 575.5036 (999) [M+NH4]-NH3-phosphoryl inositol; 835.5327 
(122) [M+NH4]-NH3; 313.2732 (4) [16:0 acylium+C3H6O2]+; 
239.2387 (2) [16:0 acylium]+; 263.2372 (2) [18:2 acylium]+; 
Truncated... 
182a PI 34:3 [M+H]+ 
PI(16:0-18:3) 
0.5 10.874 573.4872 (999) [M+H]-phosphoryl inositol; 313.2742 (11) 
[16:0 acylium+C3H6O2]+; 335.2575 (6) [18:3 
acylium+C3H6O2]+; 317.2483 (5) [18:3 acylium+C3H6O2-
H2O]+; 815.5037 (4) [M+H]-H2O; 571.6543 (4); 239.2376 (3) 
[16:0 acylium]+; Truncated... 
182b PI 34:3 [M+NH4]+ 
PI(16:0-18:3) 
0.0 10.919 573.4868 (999) [M+NH4]-NH3-phosphoryl inositol; 833.516 
(120) [M+NH4]-NH3; 313.2737 (3) [16:0 acylium+C3H6O2]+; 
335.2598 (3) [18:3 acylium+C3H6O2]+; 574.494 (2); 239.237 
(1) [16:0 acylium]+; Truncated... 
183 PI 35:2 [M+NH4]+ 
PI(17:0-18:2) 
5.9 12.261 589.5191 (999) [M+NH4]-NH3-phosphoryl inositol; 849.5482 
(116) [M+NH4]-NH3; 606.695 (4); 327.2908 (3) [17:0 
acylium+C3H6O2]+; 587.6312 (2); 569.3121 (2) [M+NH4]-
NH3-17:0; 831.5365 (2); 579.2903 (2) [M+NH4]-NH3-17:0; 
Truncated... 
184 PI 36:1 [M+NH4]+ 
PI(18:0-18:1) 
4.7 13.86 605.548 (999) [M+NH4]-NH3-phosphoryl inositol; 865.5744 
(124) [M+NH4]-NH3; 741.6324 (10); 847.557 (4); 780.548 
(4); 373.2743 (2); 622.6064 (2); 427.3017 (2); 620.5925 (2); 
605.5092 (2); 267.267 (2) [18:0 acylium]+; Truncated... 
185a PI 36:2 [M+H]+ 
PI(18:0-18:2) 
0.7 12.913 603.5336 (999) [M+H]-phosphoryl inositol; 341.3029 (11) 
[18:0 acylium+C3H6O2]+; 337.2726 (6) [18:2 
acylium+C3H6O2]+; 263.2369 (3) [18:2 acylium]+; 583.3209 
(3) [M+H]-18:2; 267.2655 (2) [18:0 acylium]+; Truncated... 
185b PI 36:2 [M+NH4]+ 
PI(18:0-18:2) 
4.6 12.788 603.5331 (999) [M+NH4]-NH3-phosphoryl inositol; 863.5599 
(101) [M+NH4]-NH3; 341.3044 (5) [18:0 acylium+C3H6O2]+; 
337.2727 (3) [18:2 acylium+C3H6O2]+; 601.6106 (2); 
263.2364 (2) [18:2 acylium]+; Truncated... 
186a PI 36:3 [M+H]+ 
PI(18:1-18:2) 
5.2 10.899 601.5072 (999) [M+H]-phosphoryl inositol; 600.5069 (541); 
618.5157 (333); 599.5037 (264); 339.29 (152) [18:1 
acylium+C3H6O2]+; 844.5314 (151); 335.2578 (140); 
336.2617 (109); 340.2926 (94); 617.5111 (83); 566.3051 
(77); 565.3034 (67); 561.2701 (59); 562.273 (49); 702.5824 
(37); 261.2232 (35); 338.276 (26); 826.5201 (22); 337.2753 
(18) [18:2 acylium+C3H6O2]+; Truncated... 
186b PI 36:3 [M+NH4]+ 
PI(18:1-18:2) 
1.1 11.784 601.5175 (999) [M+NH4]-NH3-phosphoryl inositol; 861.5479 
(120) [M+NH4]-NH3; 339.2844 (3) [18:1 acylium+C3H6O2]+; 
337.2734 (3) [18:2 acylium+C3H6O2]+; 265.2541 (2) [18:1 
acylium]+; 764.4216 (1); Truncated... 
187 PI 36:4 [M+NH4]+ 
PI(18:2-18:2) 
1.0 10.929 599.5032 (999) [M+NH4]-NH3-phosphoryl inositol; 859.5329 
(118) [M+NH4]-NH3; 337.2755 (6) [18:2 acylium+C3H6O2]+; 
263.2369 (3) [18:2 acylium]+; 579.2923 (3) [M+NH4]-NH3-
18:2+H2O; Truncated... 
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188 PI 36:5 [M+NH4]+ 
PI(18:2-18:3) 
1.1 10.012 597.4859 (999) [M+NH4]-NH3-phosphoryl inositol; 857.516 
(119) [M+NH4]-NH3; 261.2211 (2) [18:3 acylium]+; 335.2546 
(2) [18:3 acylium+C3H6O2]+; 263.233 (2) [18:2 acylium]+; 
Truncated... 
189 PI 36:6 [M+NH4]+ 
PI(18:3-18:3) 
9.2 9.144 595.4714 (999) [M+NH4]-NH3-phosphoryl inositol; 855.4982 
(113) [M+NH4]-NH3; 569.3865 (4); 335.2592 (3) [18:3 
acylium+C3H6O2]+; 808.5421 (2); 317.2463 (1) [18:3 
acylium+C3H6O2-H2O]+; Truncated... 
190 PI 40:2 [M+NH4]+ 
PI(18:2-22:0) 
6.9 15.735 659.5928 (999) [M+NH4]-NH3-phosphoryl inositol; 919.6182 
(125) [M+NH4]-NH3; 397.3662 (6) [22:0 acylium+C3H6O2]+; 
901.6143 (5); 337.2707 (2) [18:2 acylium+C3H6O2]+; 
Truncated... 
 LPA    
191 LPA 18:2 [M+H]+ 
PA(18:2-0:0) 
4.7 2.748 337.2743 (999) [18:2 acylium+C3H6O2]+; 417.2461 (98) 
[M+H]-H2O; 263.235 (97) [18:2 acylium]+; 195.0346 (67); 
417.2222 (49); 362.3078 (46); 155.0095 (45) [M+H]-
18:2+H2O; 245.2248 (44) [18:2 acylium-H2O]+; Truncated... 
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Appendix N: PC-Loadings and ANOVA p-values and q-values 
Index 
Lipid 
Species 
p-value q-value  PC-1 PC-2 PC-3 PC-4 
1 DG 34:2 2.666E-05 5.17E-07  -0.730 0.241 0.178 0.014 
2 DG 34:3 1.999E-14 5.87E-15  0.570 0.665 -0.045 -0.226 
5 DG 36:4 4.538E-12 7.90E-13  -0.693 0.512 -0.032 -0.033 
6 DG 36:5 1.492E-19 2.62E-19  0.466 0.617 0.039 -0.391 
7 DG 36:6 6.647E-05 1.18E-06  -0.638 -0.071 -0.156 0.095 
8 DG 38:2 1.28E-08 6.45E-10  -0.798 0.423 0.076 0.018 
9 DG 38:3 2.533E-10 2.81E-11  -0.691 0.580 -0.012 -0.040 
10 DG 38:4 7.124E-06 1.55E-07  -0.081 -0.217 0.276 0.083 
11 DG 40:2 1.023E-07 4.18E-09  -0.514 0.761 -0.010 -0.089 
12 DG 40:3 1.371E-10 1.72E-11  -0.327 0.866 0.048 -0.082 
13 DG 42:2 1.015E-07 4.18E-09  -0.380 0.867 0.060 -0.022 
         
16 TG 42:1 8.089E-06 1.72E-07  0.616 0.555 -0.208 0.497 
19 TG 46:0 4.957E-10 4.41E-11  0.653 0.541 -0.142 0.437 
23 TG 48:0 3.055E-06 7.68E-08  0.619 0.559 -0.212 0.484 
24 TG 48:1 4.427E-06 1.05E-07  0.621 0.446 -0.065 0.541 
25 TG 48:2 8.54E-07 2.63E-08  0.626 0.563 -0.206 0.476 
30 TG 50:1 0.0107292 0.00014  0.445 0.286 0.059 0.608 
32 TG 50:3 8.965E-07 2.74E-08  0.628 0.564 -0.206 0.474 
38 TG 52:2 0.0044856 5.89E-05  0.501 0.411 -0.023 0.615 
39 TG 52:3 2.009E-05 4.00E-07  -0.360 -0.418 0.213 0.170 
46 TG 54:1 1.265E-06 3.58E-08  0.643 0.557 -0.182 0.480 
50 TG 54:5 2.203E-07 8.08E-09  0.641 0.589 -0.208 0.412 
51 TG 54:6 6.689E-07 2.15E-08  0.643 0.590 -0.203 0.404 
52 TG 54:7 4.2E-06 1.01E-07  0.624 0.583 -0.216 0.451 
53 TG 54:8 2.942E-05 5.63E-07  0.546 0.562 -0.223 0.542 
54 TG 54:9 0.000309 4.73E-06  0.485 0.522 -0.232 0.492 
57 TG 56:1 9.68E-05 1.67E-06  0.607 0.502 -0.216 0.555 
58 TG 56:2 4.883E-06 1.14E-07  0.648 0.539 -0.198 0.485 
59 TG 56:3 1.381E-07 5.40E-09  0.641 0.581 -0.196 0.441 
61 TG 56:5 1.053E-09 7.96E-11  0.672 0.606 -0.175 0.364 
62 TG 56:6 5.341E-08 2.35E-09  0.663 0.597 -0.180 0.389 
64 TG 58:1 3.674E-06 9.00E-08  0.626 0.522 -0.180 0.538 
68 TG 58:8 0.0003311 5.02E-06  0.562 0.193 -0.008 0.390 
         
73 
MGDG 
34:2 
0.0258248 0.00032  0.605 0.076 0.453 -0.117 
75 
MGDG 
34:4 
2.144E-07 7.90E-09  0.751 0.490 0.218 -0.319 
81 
MGDG 
36:6 
7.888E-06 1.68E-07  0.610 0.446 0.380 -0.196 
         
84 
DGDG 
34:1 
0.0011954 1.66E-05  0.641 0.290 0.405 -0.351 
85 
DGDG 
34:2 
3.237E-07 1.13E-08  0.618 0.391 0.393 -0.425 
86 
DGDG 
34:3 
2.168E-05 4.29E-07  0.648 0.353 0.434 -0.252 
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Index 
Lipid 
Species 
p-value q-value  PC-1 PC-2 PC-3 PC-4 
88 
DGDG 
36:3 
1.053E-06 3.11E-08  0.640 0.475 0.203 -0.499 
89 
DGDG 
36:4 
6.409E-06 1.43E-07  0.618 0.492 0.175 -0.522 
92 
DGDG 
38:3 
7.124E-06 1.55E-07  0.261 -0.083 0.454 0.160 
         
93 SQDG 34:1 0.0002833 4.38E-06  0.659 0.417 0.417 -0.218 
95 SQDG 34:3 0.0004245 6.29E-06  0.267 0.758 0.342 -0.320 
96 SQDG 36:1 0.0001044 1.79E-06  0.720 0.252 0.297 -0.203 
97 SQDG 36:2 0.0004673 6.86E-06  0.703 0.356 0.309 -0.250 
98 SQDG 36:3 4.04E-05 7.49E-07  -0.031 0.756 0.244 -0.278 
99 SQDG 36:4 0.0001926 3.08E-06  0.589 0.666 0.053 -0.075 
101 SQDG 36:6 4.859E-05 8.82E-07  0.602 0.529 0.232 -0.431 
         
103 PC 30:0 0.0001154 1.95E-06  0.382 -0.481 0.576 0.226 
104 PC 32:0 5.098E-06 1.18E-07  0.534 -0.391 0.624 0.118 
105 PC 32:1 8.254E-08 3.47E-09  0.374 -0.476 0.629 0.121 
106 PC 32:2 2.124E-09 1.38E-10  0.672 0.037 0.513 -0.009 
107 PC 32:3 2.828E-10 3.05E-11  0.173 -0.538 0.535 0.168 
109 PC 34:1 7.524E-07 2.37E-08  0.552 -0.025 0.588 0.019 
111 PC 34:3 5.834E-07 1.91E-08  0.325 -0.396 0.766 0.122 
113 PC 36:1 1.682E-09 1.16E-10  0.341 -0.074 0.571 0.057 
114 PC 36:2 2.682E-07 9.62E-09  0.281 0.220 0.665 -0.007 
115 PC 36:3 0.0001112 1.89E-06  0.190 0.273 0.811 0.031 
116 PC 36:4 0.0001593 2.60E-06  -0.013 0.432 0.760 0.097 
117 PC 36:5 0.0005537 7.99E-06  -0.555 0.213 0.548 0.215 
118 PC 36:6 0.000828 1.17E-05  -0.468 -0.023 0.477 0.250 
120 PC 38:3 0.0005334 7.73E-06  -0.645 0.259 0.567 0.204 
121 PC 38:4 0.0001527 2.50E-06  -0.261 -0.159 0.813 0.322 
122 PC 38:5 0.0024732 3.33E-05  -0.484 0.027 0.530 0.293 
123 PC 40:2 5.686E-12 9.11E-13  0.197 -0.629 0.571 0.255 
124 PC 40:4 3.994E-06 9.66E-08  0.189 -0.505 0.507 0.125 
         
125 LPC 16:0 5.966E-16 2.59E-16  0.678 0.024 0.323 -0.058 
128 LPC 18:2 8.617E-16 3.03E-16  0.724 0.216 0.258 -0.097 
         
132 PE 34:1 3.079E-12 6.02E-13  -0.739 0.610 0.163 0.054 
133 PE 34:2 5.093E-10 4.48E-11  -0.716 0.645 0.118 0.047 
134 PE 34:3 3.967E-06 9.62E-08  -0.783 0.512 0.107 0.040 
135 PE 36:1 1.301E-10 1.65E-11  -0.731 0.600 0.206 0.072 
136 PE 36:2 6.926E-10 5.56E-11  -0.062 0.922 0.097 -0.042 
137 PE 36:3 1.456E-09 1.04E-10  -0.772 0.586 0.177 0.061 
138 PE 36:4 5.427E-09 3.13E-10  -0.754 0.610 0.172 0.062 
139 PE 36:5 0.0002387 3.75E-06  -0.709 0.450 0.102 0.052 
140 PE 36:6 0.0002947 4.53E-06  -0.695 0.486 0.046 0.027 
141 PE 38:2 6.992E-10 5.59E-11  -0.775 0.556 0.167 0.070 
142 PE 38:3 2.797E-08 1.30E-09  -0.732 0.587 0.260 0.077 
143 PE 38:4 7.021E-09 3.86E-10  -0.801 0.546 0.184 0.067 
145 PE 40:2 1.365E-08 6.81E-10  -0.805 0.489 0.146 0.089 
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Index 
Lipid 
Species 
p-value q-value  PC-1 PC-2 PC-3 PC-4 
146 PE 40:3 1.672E-06 4.48E-08  -0.782 0.517 0.138 0.088 
148 PE 42:1 2.584E-09 1.62E-10  -0.772 0.561 0.223 0.081 
149 PE 42:2 6.065E-09 3.43E-10  -0.782 0.563 0.185 0.084 
150 PE 42:3 3.553E-07 1.23E-08  -0.786 0.536 0.127 0.086 
         
154 PS 34:3 0.0031564 4.19E-05  -0.670 0.236 0.468 0.159 
155 PS 36:2 0.0033268 4.40E-05  -0.263 -0.024 0.830 0.245 
156 PS 36:3 0.0002413 3.79E-06  -0.631 0.465 0.333 0.140 
158 PS 38:1 1.626E-12 3.79E-13  0.638 0.576 0.244 -0.084 
159 PS 38:2 1.131E-06 3.29E-08  -0.707 0.440 0.447 0.162 
165 PS 40:2 4.077E-08 1.84E-09  -0.725 0.554 0.293 0.127 
166 PS 40:3 3.496E-05 6.59E-07  -0.695 0.472 0.452 0.138 
169 PS 42:2 0.0001775 2.86E-06  -0.722 0.457 0.395 0.158 
         
174a PG 32:0 1.49E-08 7.29E-10  0.164 -0.805 0.320 0.159 
175 PG 34:0 4.226E-09 2.53E-10  0.338 -0.638 0.438 0.225 
176a PG 34:1 1.117E-06 3.27E-08  0.296 -0.552 0.480 0.156 
177a PG 34:2 2.905E-06 7.35E-08  0.279 -0.510 0.510 0.231 
178a PG 34:3 4.204E-05 7.76E-07  0.121 -0.583 0.499 0.146 
180 PG 36:4 0.002596 3.49E-05  0.061 -0.568 0.410 0.180 
         
181b PI 34:1 1.453E-05 2.96E-07  0.651 0.513 0.339 -0.234 
182b PI 34:2 9.879E-05 1.70E-06  0.546 0.611 0.319 -0.420 
183b PI 34:3 0.0226655 0.00028  0.142 0.643 0.428 -0.350 
185 PI 36:1 7.369E-06 1.60E-07  0.598 0.440 0.167 -0.529 
186b PI 36:2 1.196E-06 3.45E-08  0.726 0.500 0.221 -0.374 
187b PI 36:3 0.0396945 0.00049  0.593 0.505 0.155 -0.154 
188 PI 36:4 0.0008584 1.21E-05  0.467 0.487 0.166 -0.134 
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